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This study describes the preparation and physicochemical characterization of 
IncluSion complexes formed betvl/een selected cyclodextnns (CDs) and 
ajoene, an antlthrombotlc found in gar1ic The E and Z Isomers of ajoene 
(459,-trithiadodeca-1611-triene-9-oxide) were reacted with U-, ~-, y-CD 
heptakis(2,6-di-O-methyl )-P-CD (DIMEB) and heptakls(2, 3, 6-tri-O-methyl )-IJ-
CD (TRIMEB) to yield inclusion compounds (x-CD·(E)-8Joene (1), (x·,CD·(Z)-
ajoene (2), ~-CO·(E)-ajoene (3), ~-CO·(Z)-ajoene (4). y-CO·(E)-ajoene (5), y-
CO·(Zl-ajoene (6), OIMEB·(E)-ajoene (7), DIMEB·(Zl-aJoene (6), 
TRIMEB·(E)-ajoene·05H 20 (9) and TRIMEB·(Z)-ajoene (10), These species 
were investigated by thermal teChniques (HSM, DSC, TGA), FTIR, NMR, UV 
spectrophotometry, powder X-ray diffraction (PXRD) and, in the case of 9 and 
10, single crystal X-ray diffraction The complexes yielded Similar PXRD 
traces Within their CD type except for TRIMEB where the complexes have 
distinctly different traces, Single crystal X-ray dlffracllon methods revealed 
the space groups P2, (9) and P2,212, (10) and the Simultaneous presence of 
the guest stereolsomers in both complexes Refinement of guest slte-
occupancies showed that each complex crystal consists of a mixture of 
dlastereomers in a 1 1 molar ratio_ The different crystal packing 
arrangements for 9 and 10 are induced by the distinctly different modes of 
Inclusion of the E and Z isomers Complexes for which microcrystalline 
precipitates were obtained, 1 through 8, were claSSified into Isostructural 
series by matching their PXRD traces with those in an eXisting set of 











through 8 was established together with an estimate of the un I! cell 
parameters which would otherwise only be known from single crystal X-ray 
diffraction data The results of this study are significant in the context of 
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Cliapter 1. Introduction 
n this chapter we discuss the origins of cyclodextrins, their physico-
chemical and geometrical properties, their ability to form inclusion 
complexes and the characterization of such complexes. We also discuss 
powder X-ray diffraction, isostructurality and how these are related to the 
characterization of the cyclodextrin inclusion complexes. 
NATURAL ORIGIN OF CYCLODEXTRINS 
Natural origin 
ormal enzymatic degradation of starch generally produces 
glucose, maltose and maltotriose as well as a series of long linear 
or branched chain malto-oligomers, known as dextrins.1 This is a 
hydrolytic process, as the primary product from the splitting of the glycosidic 
linkage reacts with one molecule of water. 1 If, however, the degradation of 
starch occurs by means of glucosyltransferase enzyme (CGTase), the primary 
product of the chain splitting undergoes an intramolecular reaction without the 
participation of a water molecule yielding a(1,4)-linked cyclic end products, 1 
known as cyclodextrins (henceforth CDs). The enzyme CGTase which 
produces the cyclodextrins is isolated from the microbe Bacillus macerans but 
can also be obtained for this purpose from other less well known micro-
organisms, such as Klebsiella oxytoca, Bacillus circulans and Alkalophy/ic 
bacillus No.38-2. 2 CDs are also referred to as Schardinger dextrins, 
cellulosines, cycloamyloses, cycloglucans and cycloglucoamyloses. They are 
characterised by a ring (or truncated cone) built up of glucose units which vary 
in number. The most abundant of the cyclodextrins produced in this way are 
0,-, f3- and y-CD containing 6, 7, and 8 glycosidic units respectively. Larger 










Chapter 1. lntroauction 
CDs that have in excess of 100 glycosidic units have been prepared by the 
action of disproportionating enzyme on amylose.3 However, molecules with 
fewer than 6 units are sterically strained and therefore are not produced 
enzymatically.4 A pentameric a(1,4)-linked CD has been produced 
synthetically from a linear glucopentaose derivative.5 
Historical origins 
The earliest reference to cyclodextrins (then called cellulosines) appeared in 
1891 by Villiers6 who discovered them while degrading starch in the presence 
of Bacillus amy/obacter. The next reference to "cellulosines" was made by 
Schardinger7 in 1903. He was the first to use Bacillus macerans specifically 
to produce small amounts of (mostly a- and ~-) cellulosines.8,9 In the period 
1904-1911 Schardinger proceeded to establish the fundamentals of 
cyclodextrin chemistry.10 However, the most important aspect of CDs, namely 
their complexing ability, is attributed to Pringsheim11 ,12 who discovered this 
phenomenon in the period 1911-1935. 
Characterization history 
Freudenberg et al. 13,14 with the aid of data obtained from Karrer15 and 
Miekeley16 concluded that CDs were made up of maltose units and contained 
only a(1 A)-glycosidic linkages. In 1936 Freudenberg et al. 13 postulated the 
cyclic structure of these dextrins. Single crystal X-ray diffraction was first 
applied to a-CD and ~-CD in 1942 by French and Rundle in order to 
determine their molecular weights. 17 The structure of y-cyclodextrin was 
elucidated in 1948-1950.18 In the early 1950s French19 and Cramero started 










Cliapter 1. IntTlxiuction 
to characterize the physicochemical properties of cyclodextrins. In 1953 
Freudenberg, Cramer and Plieninger1 obtained a patent listing the application 
of CDs in drug formulations. The first full X-ray structure was published in 
1965 by Hybl et a/. when they reported the structure of an a-CD complex with 
potassium acetate.22 By the end of the 1960s laboratory-scale preparation of 
CDs had been successfully achieved.2 
MACROCYCLIC STRUCTURE OF CYCLODEXTRINS 
Building block 
The cyclodextrins a-, 13- and y-CD (shown in Figure 1), as previously 
mentioned, are made up of 6, 7 or 8 a-D-glucopyranose units which are 
a(1,4)-linked in the 4C1-chair conformation?3-25 a-D-glucopyranose is a rigid 
building block and when linked to other identical units achieves some 
flexibility, while retaining its overall rigidity. The macrocycle has the 
appearance of a truncated cone or torus and is often referred to as such. The 
structural rigidity of the a-D-glucopyranose does not always hold true. In the 
case of a fully methylated I3-CD inclusion complex severe distortions of the 
4C1-chair form are observed.26 Moreover, in one crystalline modification of 
permethylated I3-CD, one glucose residue adopts the inverted 1C4 form.27 











Figure 1 Parent cvclodextrins (l- , p-, and ,'-CD 
Truncated cone 
Cyclodextrin molecules are amphiphilic truncated cones (Figure 2), which 
consist 01 a slightly apolar cavity (hydrophobic) and a polar, water soluble 
(hydrophilic) exterior, Each end of tre cavity is guarded by a rim/edge of 







Cln +1 C4n-1 
SECONDARY RIM 
Figure 2. A labelled glucopyraoose residue (left) and the truncated cone-like stldpe of 
cyclodextrins (right). 
These rims are named according to the type and number of attached hydroxyl 










glycosidic unit while the lower or secondary nm contains two hydroxyl groups 
(O(2)-H and O(3)-H) per glyCOSidic unit The glycosidic units are aligned in 
such a way that they are all in register (syn) with one another (Figure 3).4 The 
O(6)-H hydroxyl group of the glycosidic unit has rotational freedom around the 
C(5)-C(6) bond. 





0 0 0 0 
/ / "/ I " " " 
rotational flexibility syn orientation 
Figure 3. GlyCDSod!C units orientated syn to each other (light) The otl-H hydroxyl group 
possesses rotlltiooal freedom with respect to C5-C6 (left) while the glycosidic unrts have 
rotational flexibility about the glycosidic oxygen bonds C(1 n)-04(n-1 )-C(4n-1 ). 
This rotational freedom IS retained after the individual unils have been linked 
The macrocycle possesses limited rotational flexibility of the C(1n)-O(4n-1)-
C(4n-l) glycosidic linkage4 (Figure 3) forcing the macrocycle to remain 
relatively rigid. 
Hydrophobic cavity 
CD cavities prOVide a hydrophobic matrix in an aqueous solullon or, as it is 
also termed, a "microheterogeneous environment" 2Q The 4C, confO!TIlation of 
the glucopyranose units. in conjunction with the limited rotational flexibility of 
the glycosidic linkage allows the C(3)-H, C(5)-H methine and C(6)-H2 










Cliapter 1. Introduction 
bridges to line the cavity of the cyclodextrin, increasing its hydrophobic nature 
and at the same time giving the cavity an electrically positive character. 20, 28 
Hydrogen bonded ring 
The structures of native CDs are fairly rigid due to intramolecular hydrogen 
bonds between the 0(2)-H and 0(3)-H of adjacent glucose units.28 The 
average 02(n)· .. 03(n-1) distance is not constant for all the CDs but 
decreases in the order 2.98 A for a-CD, 2.88 A for t)-CD to 2.82 A for y-CD, 
indicating a corresponding increase in hydrogen bonding strength from a- to 
y_CD.29 In the crystal structure of a-CD the hydrogen bonded ring is 
incomplete since one glucopyranose unit is severely tilted such that the 0(2)-
Hand 0(3)-H groups are outside hydrogen bonding distance; consequently, 
only four hydrogen bonds form, rendering a-CD less rigid than t)_CD. 30,31 t)-
CD is more rigid since it has a complete ring of hydrogen bonds.32 y-CD on 
the other hand has the strongest hydrogen bonds of the three native CDs but 
its structure is more flexible than either a-CD or t)-CD.32 An explanation of the 
phenomenon of y-CD having strong hydrogen bonds while remaining more 
flexible than either a- or t)-CD is still absent from the literature. As a direct 
consequence of the complete ring of hydrogen bonds, t)-CD is far less soluble 
than a- ory-CD, with y-CD being the most soluble (Table 1).32 











Primary hydroxyl torsion angles 
There are three principal staggered conformations, namely (+)-gauche, (+ 
gauche and trans, that can in principle be adopted by the 05-C5-C6-06 
torsion angle (0)).33 Only two of the three have thus far been observed 
namely (+)-gauche with () = +60" and (-)-gauche with I,) = -600 3< Possible 
reasons for the non-observance of the trans orientation may be due to 
adverse steric interactions bet.veen 0(6)-H and adjacent glucose units as well 
as the gauche effect that comes Into play in O-C-C-O systems which 
destabilizes the trans arrangement 33.35 The (-)-gauche conformer with 0(6)-
H pointing away from the center of the cavity IS preferred over that of the (+)-
gauche conformer which has the 0(6)-H turned towards the cavity 4 The (+)-
gallche conformer may be involved in hydrogen bonding with a guest or may 
be adopted due to packing requirements 4 
Geometric descriptors 
Polygons. composed of the glycosidic 0(4) atoms, offer a good approximation 










are usually coplanar within ca 0.3 A deviation,:J(! The side length (I) of the 
polygon is the 0(4)"'0(4') distance between two consecutive glycosidic 
linking oxygen atoms The radius (r) IS measured from the centre of gravity 
(C, or centroid) of the 0(4) atoms to each individual 0(4) atom 
C = centroid 04 plane, top view 
a = glycosidic oxygen angle 
r = radius 
t = torsion angle 
1= 0(4)···0(4') length 
Figure 4. TIle parametel> "sled are normally quoted to describe the gecrnetry of the host 
cy~Jodcxtrin. 
The 0(4)· .. 0(4') ... 0(4") angle (a) prOVides a measure of the deviation from 
the respective symmetries C6 , C7 and C5 for U-. 0- and y-CD Ideally they 
should be 120, 128 and 132 0 respectively The O(4) ... 0(4 )···0(4")···0(4''') 
torsion angle (t) IS sensitive to any deviations from planarity since for a planar 
macrocycle all torsion angles are 0" The glycosidic 0(4) bon:) angle IS an 
excellent indicator of conformational strain and is defined by C(1 nl ... 0(4n-
1)"'C(4n-1) The average glycosidic oxygen angle IS in good agreement 
among the three native CDs:)!; Glucose units are not perpendicular to the 











Cliapter 1. Introduction 
macrocycle.36 This angle of inclination is formally referred to as the tilt angle. 
It has two designators, namely T1 and 1"2, where 1"1 is the angle between the 
0(4) plane and the mean plane passing through C(1), C(2), C(3), C(4), C(5) 
and 0(5) of each glycosidic unit, and 1"2 is the angle between the 0(4) plane 
and the mean plane passing through C(1), C(4), 0(4) and 0(4') of each 
glycosidic unit. 36 A positive value of the tilt angle implies that the glycosidic 
unit is inclined with the 0(6)-H towards the inside of the macrocycle, while a 




Considering that no covalent bond is established between the host and guest, 
and moreover that the dissociation-association equilibrium in solution is one of 
the most characteristic features of the host-guest unit, the name 'inclusion 
complex' (or CD complex) seems apt. 1 Inclusion complexes are entities 
comprising two or more molecules, in which one of the molecules, the 'host', 
includes a 'guest' molecule, totally or partially, only by physical forces, i.e. 
without covalent bonding. 1 In an aqueous solution (see Figure 5), the slightly 
apolar cyclodextrin cavity is occupied by water molecules which are 
energetically less favoured (polar-apolar interaction), and therefore can be 
readily substituted by appropriate 'guest molecules' which are less polar than 
water. 2 










The dissolved cyclodextrin is the host and the driving force of the complex 
formation is the substitution of the high enthalpy water molecules by an 
appropriate guest molecule 2 Both enthalpy and entropy changes ~ay a role 
in this process' However, according to a recent paper by L Liu er al 37 due 
to the enthalpy-entropy compensation, release of conformational strain and 
the exclusion of cavity bound water are not energetically contributive to 
complex formation. and thus these effects evidently do not playa significant 
role in the thermodynamics of complexation_ 
The most probable mode of binding involves the Insertion of the less polar 
part of the guest molecule into the cavity, while the more polar and often 
charged group of the guest motecule is exposed to the bulk solvent outside 
the secondary side of the cavity 30 This process involves substantial 
rearrangement and removal of water molecules that solvate txlth the CD and 
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primarily van der Waals and hydrophobic interactions23,39-47 although 
hydrogen bonding and steric effects may also partake in the process.42,48 
Electrostatic forces also make a contribution to binding in the form of ion-ion, 
ion-dipole, dipole-dipole, dipole-induced dipole attractions and those of higher 
order.49 
METHYLA TED CYCLODEXTRINS 
Modifications of CDs have been intensively pursued with the intention of 
possibly enhancing their properties. Methylation is the simplest modification, 
and the inclusion properties of methylated cyclodextrins have been 
extensively studied.26 Since hydroxyl groups are amenable to modification 
and since (X-, 13- and y-CD have 18, 21 and 24 hydroxyl groups respectively, 
the outcomes of these methylations are numerous, interesting and important. 
The reactivities of hydroxyl groups are as follows: C(6)-OH > C(2)-OH > C(3)-
OH, but are totally dependent on the reaction conditions. 50 The effect of 
attaching methyl groups at both ends of the cavity of a CD is an increase in 
depth of the cavity of ca. 2 A, as well as making both ends hydrophobic and 
this directly influences the manner in which guest molecules are included with 
respect to native CDs. 29 The two methylated derivatives of f3-CD that are of 
interest here are heptakis(2,6-di-O-methyl)-f3-cyclodextrin and heptakis(2,3,6-
tri-O-methyl)-f3-cyclodextrin or more commonly DIMES and TRIMES 
respectively. DIMES is thus methylated at the C(2)-OH and C(6)-OH hydroxyl 
positions while TRIMES is methylated at the C(2)-OH, C(3)-OH and C(6)-OH 
hydroxyl positions. The conformations of DIMES and f3-CD are very similar 
except for the extension of the cavity in the former case. The round shape of 
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the macrocyclic ring is maintained by the intramolecular 0(2) ... ·H-0(3') 
hydrogen bonds. The 0(2) .. ·0(3') distances are in the range 2.8 - 3.1 A 
nearly the same as for I3-CD.51 Due to the increased number of methyl 
groups of DIMEB relative to I3-CD the intermolecular space has become more 
hydrophobic than the cavity. The hydrophobic guest is thus more readily 
accommodated in the intermolecular space if its size and shape are more 
suited to the intermolecular space than the DIMEB cavity.51 
The TRIMEB molecule in its inclusion complexes is much more distorted than 
I3-CD and the seven 0(4) atoms are no longer coplanar. 36 This is evident from 
the fact that the root mean-square deviation of the seven 0(4) atoms from 
their mean plane is 0.44 A. 51 Generally, five of the seven methyiglucose units 
are inclined with the 0(6) side towards the centre of the macrocycle, while the 
remaining two residues are tilted in the opposite direction.36 Methylation 
influences overall macrocycle shape but more importantly it also affects 
pyranose conformation. In the case of TRIMEB monohydrate27 the 1 C4 
conformation is adopted by one methylglucose residue and there is partial 
self-inclusion of one of the methyl groups of a neighbouring molecule. The 
inverted conformation is adopted to help stabilise the structure of the CD by 
the partial occupancy of the CD cavity. The structure of TRIMEB is further 
stabilized by the formation of C(6)-H·"0(5) hydrogen bonds which form 
between adjacent methylg!ucose units. Recently two new TRIMEB structures 
were found which have all seven residues in the 4C1 conformation. 52 In both 
structures there is complete self-inclusion of two methoxyl groups from a 
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screw-related molecule so as to occupy the available space and better 
stabilise the structure of TRIMEB. 
PACKING ARRANGEMENTS 
When CDs crystallise, whether as complexes or hydrates, they generally 
arrange in one of two packing modes described as cage or channel 
structures. 53 
This description is based on the appearance of the formed cavities. For 
complexes, the cage type structure is characteristic of small guests which are 
completely enveloped by the cavity. The channel type is observed when the 
guests are large enough to protrude from the cavity. In channel-type 
structures CD molecules stack on top of each other such that their cavities 
form infinite channels. These stacks are stabilized by hydrogen bonds 
between O(2)-H/O(3)-H and O(6)-H in the case of a head-to-tail alignment, or 
O(2)-H/O(3)-H with O(2)-H/O(3)-H for head-to-head assembly. 'Head-to-tail' 
therefore refers to the situation in which the primary rim of one CD faces the 
secondary rim of another CD within hydrogen bonding distance. Similarly, a 
'head-to-head' arrangement occurs when the secondary rims of two CDs are 
within hydrogen bonding distance. Frequently observed for f3-CD is the 
tendency to dimerise in a head-to-head manner (as in Figure 6 below), thus 
doubling the cavity volume in which larger guests, or even more than one 
guest can be accommodated. These dimers stack in such a way that their 
O(6)-H groups interact through hydrogen bonding to complete the channel 
structure. 











.. " ... :'" 
Hydrogen bonded dimer 
Figure 6. The ~·CD dimer is held together by an intricate hydrogen t>olld moW. Often 
iocluded water molecliles are Involved in the extension of this hydrOQen t>ond network 
Representative hydrogen bOllds are shown as dotted lines 
The cavities in cage type crystal structures are blocked off on both sides by 
adjacent CD molecules such that they are isolated and there IS no contact 
between guests. Cage type structures are subdivided mto two categories 
The first of these is the herringbone motif, a common motif with hydrates and 
small molecule guests such as iodine, methanol and propanol. In this motif 
the CD molecules arrange themselves much the same as a fishbone The 
second of the two categories is the brick motif. Here the CD molecules are 
arranged in layers adjacent layers being laterally displaced. This isolates the 
CD cavity on both sides by molecules in adjacent layers The brick type motif 
IS limited to (t· and ~·CD ~·CD can form a different brick type arrangement in 
which the dimer is stabilised intermolecutariy by hydrogen bonding between 
the secondary (O(2)-H/O(3)-H) Sides while the layers are displaced laterally. 










Monomeric structures of !3-CD compfexes 
Broadly speaking, monomeric structures of ~·CD complexes are subdivided 
into five packing arrangements These are: herringbone with space group 
P2, . layer type in P2; zigzag in P2,2121 , helical channel with space group P61 
and finally brick type belonging to space group P2, (Figure 7) 54 
HERRINGBONE (HB) LAVER (LV) ZIGZAG IZZ) 
BRICKWORK (BW) 
HELICAL CHANNEL (HC) 
figure 7. Di<Y,lrammahc representation of fIVe mOllorneric packirlil arrangements 
As it turns out. the herringbone packing arrangement is the most efficient 
packing system as well as the preferred arrangement for monomeric 
structures of ~·CD inclusion complexes 
Oimeric structures of !3-CD compfexes 
Similarly dimeric structures of ~·CD complexes are split Into four different 
packing arrangements and may be further classified as layer arrangements 










groups P1 and C2, screw channel In P2, intermediate In P1 and chessboard 
with space group C222, It must be pOinted out that recently more categories 
ha\le been identified through the classification of X-ray powder diffraction 
(PXRD) patterns of hydrates and complexes into isostructural series of PXRD 
patterns_M 
SCREW CHANNEL (SC) 
!lili. ilL ,>" 
W '\1:il ~ 
.""~W 1-.;. ~ I 'TI\ 
\I7-;wW 
.:lI:.. U .Jill" , lL 
\W7 " Wi' :\W! 
INTERMEDIATE (1M) 
~ ilL. .A:. 
~ \117 \Wi 





Figure 8. The lourlavollred packing arrangements of dimeric (l-CD compexes 
DIMEB packing 
By and large, DIMEB and its complexes crystallize in the space groups P2, 
and P212,21_~' The packing arrangements are \larIOUS and range from 
channel type head-to-tail stacking of the host to modljled brick type and 
modified herringbone arrangements These include structures where the 
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TRIMEB packing 
TRIMEB and its inclusion complexes seem to prefer to crystallize in the space 
group P212,21 with the molecules in a screw channel type structure,28 though 
recently, structures with space group P21 have been identified. 58 Similarly to 
DIMEB complexes, the molecules are also arranged in a head-to-tail manner. 
As complexes of both native and permethylated CDs have relatively few 
preferred three-dimensional packing arrangements which generate, in most 
instances, very distinct powder X-ray diffraction (PXRD) patterns, it is not 
difficult to see how important the PXRD technique has become in the 
characterization of CD inclusion complexes. 
PXRD 
owder x-ray diffraction has been, and still is, an important tool in 
the evaluation and characterisation of complexes. However, its 
use in the identification of new phases has been very rudimentary. 
The traditional way in which PXRD is applied follows a procedure whereby a 
minimum of four PXRD traces are recorded to characterize the product of a 
reaction between any two compounds A and B (where A and B are solids). 
These include the traces for the starting materials, a physical mixture, A + B, 
and the suspected new phase AB. The process of determining the formation 
of a new phase involves making a detailed comparison of each trace A, Band 
A + B, with that of AB. The peak angular pOSitions of AB are matched against 
those of the other traces. Any peaks present in AB but absent from traces A, 
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B and A + B are indicative of a new phase. However, the presence of 
unmatched peaks in the trace of AB does not exclude the possibility of either 
compound A or B having undergone polymorphic or other transformations 
during or after their reaction. Therefore, it is generally the practice to employ 
PXRD in conjunction with complementary techniques, such as UV 
spectrophotometry, IR and Raman spectroscopy, thermogravimetry and 
differential scanning calorimetry to support conclusions drawn regarding 
inclusion complex formation. The recognition and application of the principles 
of isostructurality (definition follows) adds a new level of sophistication to the 
interpretation of data obtained from PXRD while simultaneously speeding up 
the objective of determining the identity and characteristics (Le. unit cell 
dimensions, space group) of the new phase. 
ISOSTRUCTURALITY 
ince Mitscherlich's discovery (1819), the isomorphism of crystals 
has been interpreted in various, sometimes controversial ways.59 
This can be attributed to the fact that the word 'isomorphous' 
strictly refers only to the external morphological similarities between 
crystalline substances. As a consequence, Kalman and co-workers59 recently 
recommended the exclusive use of the term 'isostructural' for organic crystals 
(isotypic for organometallic and organo-inorganic crystals). The fundamental 
difference between the terms 'isomorphous' and 'isostructural' is the fact that 
the former describes crystal morphology while the latter is used in the case 
where two or more crystals share the same three-dimensional packing 
arrays.59 Thus, as a definition, isostructural compounds crystallize with similar 










Chapter 1. Introduction 
unit cell dimensions, the same space group, and nearly identical atomic 
coordinates for common atoms. Implicitly, one is able to superimpose 
isostructural crystal phases (Le. any two compounds which conform to this 
definition).6o In addition, isostructurality is inversely related to the 
phenomenon of polymorphism, where instead a single compound crystallizes 
in different packing arrays. A better understanding of the isostructurality 
phenomenon may conversely lead to a better understanding of polymorphism. 




Figure 9. A diagrammatic depiction of the relationship between isostructurality and 
polymorphism. 
Two important methods used to check for the occurrences of isostructurality 
are single crystal X-ray diffraction and powder X-ray diffraction. Single crystal 
X-ray diffraction allows an explicit determination of the parameters for 
isostructurality i.e. unit cell dimensions, space group and atomic coordinates. 
These parameters allow the direct comparison between two structures and 
the determination of the level/degree of isostructurality between two or more 
structures. This is achieved through the calculation of indices/numerical 
descriptors, namely the unit cell similarity index59 IT, isostructurality 
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index63 II{n) and the volumetric isostructurality index61 Iv which provide a 
percentage quantification for the level of agreement between structures. 
Unit cell similarity (II) 
A basic prerequisite of isostructurality is the similarity of unit cells. According 
to Kalman et al. they can be compared using 
II = a+b+c -1 (a+b+c > a'+b'+c') , 
a'+b'+c' 
where a, b, c and a', b', c' are the orthogonalized unit cell parameters of the 
related crystals. 61 For identical unit cells II = O. Calculated values of II are 
only comparable when they have been orthogonalized by the same method.61 
Isostructurality index (Ii(n)) 
As isostructurality involves similar unit cells and similar internal arrangements 
of molecules it is important that in related structures common atoms should 
have virtually identical coordinates. This is a key factor in calculating the 
Isostructurality index 
Where the ~R? values are the squares of the differences between the 
orthogonalized coordinates of n identical heavy atoms in the related 
structures. Here again, the molecules are transformed to the same 
asymmetric unit and origin choice.61 As examples become more complex, the 
limits of this index are encountered. For instance, the general ~Ri distance 
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between equivalent points in two unit cells increases with their distance from 
the common origin, fixed at (0,0,0) or even at ( t, t, t ). 
Volumetric isostructuralify index Iv 
The volumes occupied in a unit cell should be more closely related in 
isostructural pairs. However, it still remains possible to compare certain parts 
of a structure as in the case where host molecules display a higher level of 
isostructurality in a given inclusion compound than the guest molecules. This 
viewpoint is expressed as, 
Iv::: 2V" x 100 , 
~+V2 
where V1 and V2 are the volumes of the compared fragments and Vn is the 
intersection of these volumes. As (V1 + V2)/2 is the average volume, Iv may 
also be expressed as the ratio of volume overlap to the average volume. The 
calculation is performed on a whole unit cell to avoid the problem raised by 
unit cell dissimilarity.63 An implicit averaging is performed over the 
asymmetric units and the results are dependent on the degree of similarity of 
unit cells. 
In contrast, powder X-ray diffraction provides a direct way in which to 
determine whether two or more compounds are isostructural with respect to 
one another. When isostructurality applies there is a near one to one 
agreement in peak angular position of the respective PXRD traces with the 
greatest differences appearing in the relative intensities. Of course, the closer 
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the match between the relative intensities, the greater the level of 
isostructurality. 
In the case where two compounds, A and B, crystallize and A forms large 
monocrystals while B forms only microcrystalline precipitates, and if there is 
agreement between their PXRD traces, it can safely be assumed that A and B 
are isostructural. If, however, the structure of A has been determined (by 
means of single crystal X-ray diffraction) with known unit cell dimensions and 
space group, then since A and Bare isostructural, one is able to implicitly 
obtain the unit cell dimensions of B as well as its space group. The 
importance and application of this technique becomes clearer in the case of 
cyclodextrins and cyclodextrin inclusion complexes. Large single crystals of 
CD inclusion complexes cannot routinely be isolated. They are often 
relatively poorly diffracting and this prevents structure determination.56 Since 
most CD complexes tend to form microcrystalline precipitates, PXRD is 
needed for the characterisation of these phases. In their crystal structures 
CDs pack in a small number of well-defined packing modes (as previously 
described). For this reason they are well suited to this kind of isostructural 
analysis. 
This technique, however, relies on the existence of a set of index patterns or 
more accurately "reference patterns" for CDs and their inclusion complexes 
(see Table 2 for average unit cell parameters for the corresponding 
isostructural series). The reader is referred to the paper by Caira56 for details 
on the construction of the reference patterns. 
















, (rom examination 
nh 
in the CSD. 
The reference patterns were computed from crystal structure data retrieved 
from the CSDS7 Thus all the important parameters, such as unit cell 
dimensions, space group and atomic coordinates, are known for each of the 
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a putative CD complex one has to match its experimental trace with the 
respective reference pattern (taking into account the CD type). Once the 
match has been made, one is able to confirm with reasonable confidence that 
complexation has occurred while also determining the unit cell dimensions 
and space group of the new species. More important still is the fact that the 
host (CD) arrangement as well as the void topology are immediately 
defined.56 
Properties, applications and implications 
Isostructurality occurs more frequently and more widely than was previously 
thought. 54 Therefore it remains important to illustrate this with suitably chosen 
examples. One of the earliest references to the application of isomorphism 
results from Berzelius (the teacher of Mitscherlich) who determined the atomic 
weight of selenium in 1928, following the discovery of the isomorphism 
(isostructurality) of Na2S04, Ag2S04, Na2Se04 and Ag2Se04.
64 A basic 
condition of isomorphism (isostructurality) of compounds was developed from 
Berzelius's work. Crystals of isomorphous pairs are similar in shape and will 
continue growing in the mother liquor of any of the other isomorphous pairs.54 
The manifestation of isostructurality in the form of solid solutions is a practical 
outcome of this property. It shows that isostructurality may influence physical 
and/or chemical behaviour. A homologous series of four alkylparabens 
(esters of 4-hydroxybenzoic acid) in which the alkyl substituent increases in 
order methyl, ethyl, propyl and n-butyl displays isostructurality amongst two of 
its members, namely ethyl- and propylparaben, sharing very similar unit cell 
dimensions and the common space group P21/c. 65 The remaining methyl-
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and n-butylparaben crystallize in the space groups Cc and C2/c respectively, 
with different crystal packing arrangements from each other and from the 
isostructural pair.65 The isostructural pair of ethyl- and propylparaben forms 
substitutional solid solutions, resulting in the substantial lowering of the 
aqueous solubility of these two components, specifically when measured in 
the quaternary system of alkylparabens, in ternary systems containing this 
pair or any binary system.65 The result is a direct link between a macroscopic 
property (solubility) and crystal isostructurality at the molecular level. 56 
The 'Holy Grail' of structural studies is the complete understanding of the 
structure-function relationship. Isostructurality is perhaps key in this regard as 
it allows one a unique entry into understanding the structure-function 
relationship. Isostructural host-guest systems, where the host and its 
conformation remain unchanged, provide one with the opportunity of studying 
the mechanism of guest exchange isolated from other effects such as the 
rearrangement of the crystal structure during desolvation and 
recrystallisation. 60 The umber of parameters under investigation is reduced 
while allowing for a greater understanding of those same parameters. An 
example of this is the host-guest isostructural clathrate series of 1,4-bis(9-
hydroxyfluoren-9-yl)benzene (host, H) with acetone and DMSO (guests, G1 
and G2 respectively).66 Previous selectivity experiments showed no selectivity 
between G1 and G2 with H, and crystal structures HG1 and HG2 are 
isostructural. 66 The thermal analysis results reflected the thermal stabilities as 
HG2>HG1. When the powdered complex of HG1 (obtained by exposing 
powder H to the vapours of G1) was exposed to the vapours of G2 with 
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intermittent sampling and DSC analysis after 3 h, 26 h, 47 hand 64 h, it was 
found that the complex had undergone progressive conversion to HG2 and 
that complete conversion was effected after 86 h. The DSC trace always 
showed only two thermal events, namely the endotherm for the desolvation of 
the included guest (G1 or G2, or G1 and G2) and the endotherm for the melt of 
the host which remained unchanged at Ton::: 261°C (where Ton is the onset 
temperature of the meltldesolvation). The endotherm for desolvation 
underwent migration from its starting point Ton::: 81°C (acetone complex) to 
Ton ::: 19rC (DMSO complex) in the final DSC trace.66 A direct conclusion 
that could be drawn from this result (though other experiments would be 
required to prove this) is that the process of guest exchange proceeded 
without the structural rearrangement of the host and that in all probability the 
guests were able to penetrate and exit (diffuse into or out of the structure) via 
the channels that span the crystal. 
The isostructurality of host-guest systems has had another very interesting 
spin-off, this being the rather novel idea of tunability of host-guest systems.67 
Isostructurality provides the constant host framework within which the guests 
locate themselves. Selectivity is the affinity of a host for a particular guest, in 
the presence of other competing guests, under very particular conditions of 
concentration and temperature. Tunability is thus the ability of the 
experimentalist to predict the outcome of the selectivity experiment. In other 
words, in a system of host H plus guests A and 8, where A and 8 are both in 
the liquid phase and present in a set ratio (i. e. under competition conditions) 
and where the inclusion product with formula H"An"8m is obtained, one can 
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with some certainty predict the value of the integers nand m thus affording a 
tunable system. A unique example of this is the host-guest system of the diol 
host trans-9, 1 0-dihydroxy-9, 1 0-bis(p-tert-bisphenyl)-9, 1 O-dihydroanthracene 
with guests DMF and DMSO.67 In this system, it was possible to isolate the 
distinct inclusion complexes H-4(DMF), H·4(DMSO}, H·3(DMF)·(DMSO), 
He2(DMF)e2(DMSO) and H-(DMF)-3(DMSO). 
Occurrence of isostructurality 
In a survey of the literature performed in 1996, Kalman found 45 isostructural 
pairs formed by more than 60 structures where the type of isostructurality 
presented was of the isometric type.54 Taking into account the rate at which 
the number of published crystal structures increases every year, it can with 
some certainty be said that this number has long since been exceeded. 
MOTIVATION, AIMS AND OBJECTIVES 
Motivation 
Garlic or Allium Sativa, L. has for some time been of interest due to the fact 
that it contains pharmacologically active components. Only in the last twenty 
years have there been extensive investigations of the beneficial effects of 
these constituents on human health.58,69 Block et a1.70,71 with the aid of 
spectroscopic and chemical methods revealed the presence in garlic of an 
organosulfur compound derived from the decomposition of allicin (allyl 2-
propenethiosulfinate) in aqueous acetone. The result is an oily mixture of E 
and Z isomers of ajoene (Figure 10), a compound which has gained in interest 
due to its remarkable variety of biological effects. 
















Ajoene or 4,5,9-trithiadodeca-1 ,6, 11-triene-9-oxide has a wide range of 
activities which includes antithrombotic,72 antimicrobial,73 antifungal,74 
antiviral,75 cytostatic and cytotoxic,76 hypocholesterolemic,77 antidiabetic,78 
immunosuppressive and antineoplastic79 and most interestingly anti-HIVSO as 
well as other effects. Its isolation and in vitro inhibition of human platelet 
aggregation were reported in 1983.72 While many studies of the 
pharmacological effects of ajoene continued to employ mixtures of the two 
isomers, more recent studies also gave attention to establishing their 
individual properties. Thus, both (E)- and (Z)-ajoene were recently shown to 
possess antidiabetic activitl8 and hypocholesterolemic activity,77 and to lower 
the levels of uric acid in the blood,81 while (E)-ajoene was specifically used to 
control the fungus Candida Albicans82 at doses of 5 Ilg cm-3 and (Z)-ajoene 
as an experimental antileukemic, was recently shown to induce apoptosis in 
human promyeloleukemic HL-60 cells. 83 Our interest in ajoene focused on its 
possible complexation with cyclodextrins, which could result in the formation 
of inclusion complexes with potential medicinal applications. We considered 
an approach in which well-defined, pharmacologically active constituents are 
selected for inclusion to be more desirable than one employing mixtures or 
whole extracts. 
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Aims and objectives 
In the present study, we underscore this approach by investigating the 
inclusion properties of the individual E and Z isomers of ajoene. A practical 
advantage to be gained by CO inclusion complex formation in this instance is 
the conversion of these liquid guests into solids, rendering them more 
manageable for formulation. Production of stoichiometric inclusion complexes 
should further contribute to reproducible dosage formulations. Many other 
advantages may be gained from CD inclusion: the masking of offensive tastes 
and odours, better control of the release rate of drugs using suitably selected 
CDs, protecting oxidizable drugs from air oxidation through inclusion, 
stabilising volatiles and the solubility enhancement of water-insoluble drugs.84 
Finally, the bioavailability of ajoene should be improved, as usually results 
when drugs are administered in the form of their CD inclusion complexes. 2 
The bioavailability of an orally administered drug depends on several factors 
such as the dissolution rate, solubility and the rate of intestinal absorption.84 
CD inclusion of drugs usually enhances oral bioavailability through an 
increased dissolution rate affording a fine dispersion in the gastrointestinal 
fluids.84 The protection from heat-induced decomposition, sublimation and 
loss through volatility by CD complexation has been well demonstrated for 
many drugs such as salicylic aCid,85 vitamin 03,86 essential oils,8? and 
nitroglycerin.84,88 In the case of nitroglycerin, on complexation with CDs, it 
was found that after being stored for 108 h at 40°C a minimum of 50% of the 
nitroglycerin was detectable. When, instead, nitroglycerin was mixed with an 
inert excipient (pull ulan), after 16 h no nitroglycerin was detectable. 
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PrevIous use of CDs in relation to ajoene involved dissolution of its precursor 
allicin in water and/or a water miscible solvent and complexation of the allicin 
with a-, ~-, or y-CD or a mixture of these. Further processing evidently led to 
the subsequent formation of ajoene and its recovery by decomplexation and 
extraction of the dried complex.89 
In this dissertation we report the preparation of inclusion complexes formed 
between (E)- and (Z)-ajoene and the hosts a-, ~-, y-CD, DIMEB and TRIMEB, 
as well as their characterisation by thermal analysis, hot stage microscopy, 
powder X-ray diffraction, FTIR, 1 H-NMR, UV spectrophotometry and single 
crystal X-ray diffraction. Here, PXRD is used in the identification of new 
cyclodextrin inclusion complexes while the output (PXRD trace) is used in 
conjunction with a set of reference traces for CD inclusion complexes to 
determine their isostructural class or series. Single crystal X-ray diffraction 
was used to determine the modes of guest inclusion in two cases. Thermal 
analysis and hot stage microscopy were used during the thermal 
characterisation of the complexes while UV spectrophotometry was used to 
determine host-guest ratios of the inclusion complexes. Infrared spectroscopy 
and 1 H-NMR were utilised to determine the effect of CD inclusion on the 
characteristic stretching frequencies and resonances of the guest. 
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EXPERIMENTAL MATERIALS AND METHODS 
Host compounds 
a-Cyclodext rin, B-cyclodextrin, y-cyclodextrin, DIMEB and TRIMEB were 
obtained from Cyclolab [Budapest, Hungary] and were used as received. 
Guest compounds 
(E)- and (Z)-ajoene were synthesised and supplied by Professor Roger 
Hunter of the Department of Chemistry, University of Cape Town, South 
Africa. Synthesis was performed according to Block et al. 1 Further details are 
given in chapter 3. 
Complex preparation and crystal growth 
omplexes of ajoene with a-, B- and y-CD were prepared by the co-
precipitation method. For co-precipitation, a solution of 
cyclodextrin was prepared by dissolving a known quantity of 
cyclodextrin in de-ionised distilled water. An equimolar amount of (E)- or (Z)-
ajoene was added to the solution of cyclodextrin with prolonged stirring. 
Generally, two methods of crystal growth were used to obtain crystals of 
sufficiently high quality for X-ray data-collection. These were slow 
evaporation and crystal growth at elevated temperature. The solutions were 
left in an open vial so that the solvent (water) could evaporate slowly at room 
temperature. To reduce the evaporation rate even further the vials were 
covered with parafilm which was punctured a few times. Complexes of 
DIMEB and TRIMEB were prepared by dissolving the cyclodextrin in cold 
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water. Once all the cyclodextrin had dissolved an equimolar amount of (E)- or 
(Z)-ajoene was slowly added with stirring. The solutions were placed in a 
water bath on a hot plate stirrer set to ca. 60°C. Crystal growth occurred at 
elevated (ca. 60°C) temperature overnight. The solubility of TRIMES and 
DIMES decreases with an increase in temperature. 
THERMAL ANAL YS/S 
Thermal analysis is the measurement of changes in physical properties of a 
substance as a function of temperature, whilst the substance is subjected to a 
controlled temperature programme? The main methods employed here are 
Hot Stage Microscopy (HSM), Thermogravimetric analysis (TGA) and 
Differential Scanning Calorimetry (DSC). 
HSM 
HSM can be used as a tool for the visual characterisation of those events 
which are not fully characterised by the standard techniques of TGA and 
DSC. Events such as colour or opacity changes in crystals which go 
undetected by the DSC and TGA methods are easily captured by HSM. In 
hot stage microscopy it is also possible to detect guest loss by immersing the 
complex crystal in high boiling inert oil such as silicone oil and observing the 
emergence of bubbles upon guest release. Most importantly it plays a 
complementary role alongside that of the more traditional TGA and DSC 
methods of analysis. For this study, all crystals were immersed in silicone oil 
between two glass coverslips and then positioned on a Linkam THMS600 hot 
stage apparatus fitted with a Linkam TP92 manual temperature controller. The 










hot stage was mounted on a Nikon SMZ-10 stereoscopic microscope. The 
images were captured using a real time Sony Digital Hyper HAD colour video 
camera and analysed using the Soft Imaging System program, analySIS.3 
TGAand DSC 
TGA is the measurement of changes in the sample mass with temperature 
made using a thermobalance which is an electronic microbalance coupled to 
a furnace with an associated temperature programmer. In the DSC 
technique, the sample (s) and a reference (r) material are maintained at the 
same temperature throughout (AT == Ts - Tr == 0). In other words, the energy 
difference in the independent supplies to the sample and reference are 
recorded against the temperature? Some of the various uses of thermal 
analysis are determination of accurate melting points, measurement of onset 
temperature (Ton) for desolvation, characterisation of purity, degradation, 
desorption, phase transformations, polymorphic changes and thermal 
stability.4 
All TGA and DSC runs were performed on a Perkin Elmer PC7 -Series 
instrument, more specifically PE-TGA7 and PE-DSC7 for the TGA and DSC 
respectively. The experimental traces for both TGA and DSC were recorded 
at a scanning rate of 10K min-1 and under an inert atmosphere of N2 gas with 
a flow rate of 30 cm3 min-1. The sample masses ranged between 4-7 mg for 
both TGA and DSC. In the case of the DSC, 50 ~L crimped, vented 
aluminium pans were used. The results obtained were plotted by a Hewlett 
Packard Colour plotter connected to the thermal station. The calibration of the 
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TGA instrument was performed against the Curie points of alumel (163°C) 
and nickel (354°C) and the balance calibrated using a standard (100 mg) 
mass. The DSC was calibrated by measuring the onset temperatures of 
indium (156.6°C) and zinc (419.5°C) while the heat flow was calibrated from 
the enthalpy of fusion of indium (28.62 JIg). 
POWDER X-RAY DIFFRACTION 
Powder X-ray diffraction (PXRD) patterns were recorded using a Huber 
Imaging Plate Guinier Camera 670 using nickel-filtered CUKU1 radiation (A ::: 
1 .5405981 A) produced at 40 kV and 20 mA by a Philips PW1120/00 
generator fitted with a Huber long fine-focus tube PW2273/20 and a Huber 
Guinier Monochromator Series 611/15. For high temperature PXRD, the 
Huber High Temperature Controller HTC 9634 unit was used with the capillary 
rotation device 670.2. All samples were manually ground and packed into 
Lindemann capillaries with an internal diameter of 1 mm and a glass thickness 
of 0.01 mm. The capillaries were obtained from Hilgenberg, Germany. 
Samples for PXRD were generally not amenable to sieving. A 28 range of 4 -
100.0° was used with a step size of 0.005° 28. The PXRD patterns of the 
materials suspected to be complexes were overlaid on reference patterns of 
hosts and known complexes to establish (a) whether they were inclusion 
complexes, and if so (b) to which isostructural series they belonged.s 
For each crystal structure determined in this study by full three dimensional X-
ray analysis, refined unit cell parameters, space group symmetry, atomic co-
ordinates and thermal parameters were used as input to the program LAZY 
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PULVERIX6 in order to generate an idealised PXRD pattern. LAZY 
PULVERIX uses the formula I(hkl) = mLp I F(hkl) 12, where I(hkl) is the 
intensity of the reflection with indices hkl, m is the reflection multiplicity, L the 
Lorentz factor, p the polarization factor, and F(hkl) the structure factor. 
Calculated powder patterns can also be used to conveniently assess the 
purity of a sample and, when compared with the corresponding experimental 
patterns, to prove that the crystallographic model is correct. 
FOURIER TRANSFORM INFRARED SPECTROSCOPY 
The formation of an inclusion compound is known to have an effect on the 
spectroscopic properties of the guest molecule.7 Here, Fourier Transform 
Infrared spectroscopy (FTlR) was used in an attempt to determine the effect 
of cyclodextrin inclusion on the C-S=(O)-C and C=C stretching frequencies of 
the guest molecules. FTIR spectra were recorded on a Perkin Elmer 
Spectrum One FTIR spectrophotometer. Samples were prepared by grinding 
the material in nujol mull® and spectra recorded over the range 600-4000 cm-
1. Percentage transmittance was recorded against frequency. 
UVSPECTROPHOTOMETRY 
UV spectra were recorded on a Cintra 20 UV system at a fixed wavelength of 
241 nm for TRIMES·(E)-ajoene·0.5H20 and 235 nm for TRIMESe(Z)-ajoene. 
The samples were dissolved in water-ethanol (40/60 v/v). The solutions were 
placed in 10 mm quartz cuvettes and the concentrations were adjusted such 
that all absorbance readings were taken between zero and one absorbance 
unit. Calibration curves for TRIMESe(E)-ajoene-0.5H20 and TRIMES-(Z)-
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ajoene were constructed using the respective Amax for the relevant guest 
molecule. 
NMR SPECTROSCOPY 
Crystals and oils (ajoene isomers) were dissolved in deuterated chloroform or 
in deuterated DMSO and their 1H_ and 13C-NMR spectra collected at 400 MHz 
and 75.5 MHz respectively, on a Varian Unity 400 NMR spectrometer using 
tetramethylsilane as internal reference for 1H-NMR and CDCb (77.00 ppm) for 
13C-NMR. 
CRYSTAL STRUCTURE DETERMINATION 
In each case single crystals of good quality were selected for their ability to 
extinguish plane-polarised light uniformly. Crystals were mounted on a glass 
fibre and coated with paratone N oil (Exxon),8 to prevent the loss of included 
solvent (water) and to provide a rigid mount in the instance of low temperature 
data-collection. The glass fibre was mounted on a goniometer head. 
X-ray photography 
The preliminary unit cell parameters and crystal systems were obtained by X-
ray photography. Oscillation and Weissenberg photographs were recorded 
on a Stoe goniometer with a film radius of 28.65 mm. Photography was 
performed using nickel-filtered CuKa. radiation (A = 1.5418 A). The generator 
settings were 20 mA and 40 kV. 
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Oscillation method 
When the crystal was mounted on the goniometer head it was aligned in such 
a way that one of the crystallographic axes coincided with the axis of rotation, 
which in turn was orthogonal to the X-ray beam. The reflections were 
recorded on film placed in a cylindrical cassette which surrounded the crystal. 
From the oscillation photography it was possible to determine the unit cell 
dimension parallel to the oscillation axis - a prerequisite for Weissenberg 
photography. 
Weissenberg method 
Weissenberg photography allows the deconvolution of a one-dimensional 
layer line into two dimensions. This is achieved by simultaneously rotating a 
crystal and moving the X-ray film parallel to the oscillation axis. This allows 
the diffraction pattern of the chosen layer line to be spread over the entire film. 
A screen is used to ensure that only those X-ray reflections corresponding to 
the selected layer line reach the film. The resulting image is a distorted 
reciprocal lattice plane. The photographic image was interpreted using a 
Weissenberg co-ordinate chart to produce an undistorted reciprocal lattice. 
One is able to determine the remaining two unit cell dimensions plus the angle 
subtended by these in the unit cell. Also, from the Laue symmetry we were 
able to determine the crystal system. From the systematic absences the 
space group was indicated. 
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Data-collection 
Crystal intensity data were collected on a Nonius Kappa CCD (Charge 
Coupled Device) Single Crystal X-ray Diffractometer, using graphite 
monochromated MoKa radiation (;.. == 0.71069 A) generated by a Nonius 
FR590 generator operated at 50 kV and 30 mA. All data were measured at 
173 K. The low temperatures were maintained by cooling with a constant 
stream of N2 gas at a flow rate of 20 cm3 min-1 with the aid of a Cryostream 
cooler (Oxford Cryosystems UK). Data were corrected for Lorentz-
polarisation effects; unit cell refinement and data reduction were performed 
using the programs DENZO and SCALEPACK.9 Absorption corrections were 
not required for either of the structures reported in this study as there was no 
significant variation in absorption correction factors A'" for cylinders with 
successive values of 8 and radius R,10 The JlR values for the crystals of the 
complexes TRIMESe(E)-ajoeneeO.5H20 and TRIMESe(Z)-ajoene were JlRmin == 
0.021, JlRmax == 0.058 and JlRmin == 0.025, JlRmax == 0.048 respectively, for the 
reported crystal sizes. Space group determinations were carried out by 
examining the systematic absences and matching the observed conditions to 
a known space group.11 These assignments were confirmed by running the 
data through the program Xprep.12 
Structure solution and refinement 
The structures were solved either by the Patterson search technique with the 
program PATSEE13,14 or by the isomorphous replacement method, using the 
published coordinates for selected cyclodextrin atoms of an isomorphous 
structure. In the case where structures were solved by isomorphous 
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replacement, the published coordinates for the skeleton CD atoms of an 
isostructural complex were used as a trial model for refinement in the program 
SHElXl-97.15 All structures were refined with SHElXl-97 operated through 
the interface X-seed. 16 
PATSEE 
PATSEE attempts to combine the merits of both Patterson search and direct 
methods techniques in order to position a fragment of known geometry in a 
unit ce11. 13,14 The reflection data are processed with SHElXS17 using the 
PSEE command to calculate the sharpened Patterson map and a set of the 
largest E-values. A fragment search is then performed using PATSEE. The 
search consists of a rotational search for the best orientation of the fragment 
followed by a translational search. 
The orientation of the search model is determined by a conventional but 
highly automated real-space Patterson rotation search. A comparison 
between the weights of a number of vectors (n) produced by the orientations 
of the search model (w,) and the closest matching Patterson map vectors (Pi) 
is used to calculate rotational figures of merit (RFOMs), where 
RFOM =: (LPi/Wi)/n. 
The translational positions of a set of the fragments with the highest RFOM 
values is located by maximising the weighted sum of cosines of a smail 
number of strong translational-sensitive triple-phase invariants (TPRSUM): 
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For the solutions obtained, the correlation between the Patterson function and 
the intermolecular vector set is used to determine a translational figure of 
merit (TFOM), in an analogous manner to that for a combined figure of merit 
(CFOM), with TFOM ::: (LPi/Wi)/n. 
An R-index (RE) based on E magnitudes is computed for sets of solutions with 
the best TFOM values; thus RE ::: (L (IEobsl-IEca'cll p) )j(I IEobs/). 
The best solutions are sorted according to a combined figure of merit (CFOM) 
based upon agreement with the Patterson function (TFOM), triple phase 
consistency (TPRSUM) and the R-index involving Eabs and Eca1c (RE), with 
CFOM::: (O.2x((RFOM+ TFOM)j2)+xTPRSUMh)/RE . 
PATSEE produces a list of the best solutions found for the fragment. The 
various fractional coordinate sets can be chosen for partial structure 
expansion in SHELXS. If the partial structure is successful, atomic 
coordinates can be inserted for refinement. 
SHELXL-97 
Refinement in SHELXL-97 involves minimisation of the function L wV=a2 - F/ r 
using the full-matrix least-squares technique. The agreement between the 
observed (Fa) and calculated (Fe) structure factors is expressed by the 
residual index (R1), where (R1) is low for a satisfactory model and where 
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Refinement against F2 tends to magnify the deviations of the Goodness of Fit, 
S (defined later), from unity compared with refinement against F and therefore 
these values are not directly comparable to structures refined against F. 
The weighting scheme (w) in wR2 == [( L w{F/ - F/ j ) / ( L w{Fo 2 ) ) J~ and 
the parameters a and b were refined for each structure using the following 
expressions: w == 1/[0" 2 (Fo 2 )+ (aP Y + bP] and P == [max (0, Fo 2 )+ 2F/] /3. The 
terms a and b are chosen in the above weighting scheme to yield constant 
distributions of [ w{Fo 2 - Fe 2 j] with sinS and (Fo/F max)>;;. S (Goodness of Fit) is 
defined by the expression S == [L ( w{Fo 2 - Fe 2 j ) /(n - p) J~, where n is the 
number of reflections and p is the total number of parameters refined. 
Therefore, for a well-behaved structure S should be close to unity, and the 
over-determination ratio should be of the order nj p == 10. 
ADDITIONAL RESOURCES 
The Cambridge Structural Database (CSD) 18 was used to obtain coordinate 
data for the fragments used to solve the structures reported in this thesis. 
Molecular parameters and geometrical data with their associated e.s.d.s and 
non-bonding distances were calculated using the program PLATON.19 
WinGX20 was used as an interface for PLATON. Molecular diagrams were 
created with POV-Ray for Windows.21 Molecular packing, stereo and CPK 










diagrams were produced USing the program Weblab ViewerPro Version 35"" 
Diagrams showing anisotropIc thermal ellipsoids were drawn with the aid of 
Ortep-3 for Windows. 23 
Table 1 lists the final crystallographic data files pertinent to compounds 9 and 
10 
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SYNTHESIS AND CHARACTERIZATION OF (E) .. AND (Z)-
AJOENE (4,5,9-TRITHIADODECA-1,6,11-TRIENE.-9-0XIDE) 
he synthesis of ajoene proceeded in two main stages, the first 
being the synthesis of allicin, and the second the rearrangement 
reaction of allicin to ajoene. Both were carried out as described by 
Block et a/. 1 by Professor R. Hunter of the Department of Chemistry, 
University of Cape Town, South Africa. 
Synthesis of allicin 
To a solution of diallyl disulfide (10 g, 68 mmol) in glacial acetic acid (30 cm\ 
was added hydrogen peroxide (11 cm3 , 8.8 M, 97 mmol) at 4°C, and the 
reaction mixture was stirred overnight (Scheme 1). Water was then added to 
the reaction mixture and the product extracted into dichloromethane (3 x 100 
cm\ The combined organic layers were washed with water (2 x 30 cm3) 
followed by aqueous Na2C03 (2 x 30 cm3). The organic layers were dried 
over MgS04, the solution filtered and concentrated under reduced pressure to 
give crude allicin (14.5 g). 
diallyl disulfide 
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Synthesis of ajoene 
Crude allicin (14.5 g) was dissolved in an acetone/water mixture (2: 1, 39 cm3) 
(see Scheme 2). The reaction mixture was refluxed with constant stirring for 
approximately three hours before being concentrated under reduced 
pressure. The product was then extracted with ethyl acetate (3 x 100 cm3) 
and the combined organic layers were dried and concentrated under reduced 
pressure to give crude ajoene (12 g), which was purified on silica gel (200 g) 
(eluent ethyl acetate/hexane) to afford a mixture of (E)- and (Z)-ajoene (1.2 g). 
This mixture was further subjected to slow silica-gel chromatography (200 g) 
using ethyl acetate/hexane as before to afford (Z)-ajoene (0.33 g, 2.1 %), (E)-
ajoene (0.33 g, 2.1 %) and a mixture of the two (0.2 g). For clarity, the 
numbering system used in Scheme 2 follows that used in the crystallographic 
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CHARACTERIZA TION OF (E)- AND (Z)-AJOENE 
The identity of these isomers (designated (E) and (Z) hereinafter) was 
deduced from 1H-NMR and 13C-NMR spectra. For the assignment of E- and 
Z-isomers, we used the assignments of Block in his original paper,1 in which 
the vinyl H-8 proton attached to carbon C8 (Scheme 1) was used as a marker 
(doublet in the 1H NMR spectrum, Figures 1 and 2). This appeared at 
different chemical shifts (OH ppm) for (E) and (Z), at 6.35 and 6.58 ppm 
respectively, the signal for (Z)-H-8 being more downfield than that for (E)-H-8. 
The assignments were based on the coupling constant, which was greater for 
(E)-H-8 (Juans = 14.6 Hz) than for (Z)-H-8 (Jcis = 9.6 Hz), as shown in Tables 1 
and 2 below. The 13C NMR spectra for both isomers gave the expected 
distribution of three aliphatic (allylic) and six vinylic resonances (Table 3 and 
Figure 3), and the data are compared in Table 3 with those from Block's 
original paper. 
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PREPARATION OF a·, /Jr, y-CD AND DIMEB INCLUSION 
COMPLEXES OF AJOENE AND THEIR CHARACTERISA TlON 
USINGPXRD 
Complex preparation 
-- or ~-CD a hot solution of the cyclodextrm was prepared by 
dissolving a known quanlity (10S mg) In distilled de-Ionised water (1 
cm3) at ca 6S"C In the case of (1- andy-CD saturated solutions 
(77 mg in O.S cmJ and 11S.6 mg In O.S cmJ respecllvely) were prepared at 
room temperature (ca 26"C) DIMES soluliOns were prepared by dissolving 
the cyclodextrin (100 mg) in cold distilled de-ionised water (aS cmJ ) at ca 
4'C The DtMEB sotutlOns were further cooled In Ice to a temperature of ca 
O°C Once all the cyclodextnn had dissolved, equimolar (O,08 mmol, 20 mg) 
amounts of (E)- or (Z)-ajoene were added to the solutions of cyclodextrin 
followed by prolonged stirring The DIMEB solutions were placed In a hot 
water bath and stirred at ca 60°C. The reaction of (E)- and (Z)-aJoene with 
the various cyclodextrins resulted in the Immediate precipitation of inclusion 
complexes. a-cyclodextrin·(E)-aJoene (1) u-cyciodextrin·(z}-aJoene (2), 11-
cyciodextnn·(EJ-aJoene (3), Il-cyclodextnn·(Z)-ajoene (4), ~'-cyciodextrin'(E)­
aJoene (5) y-cyclodextrin'(Z)-ajoene (6), DIMEB·(EJ-aloene (7) and 











The nature of aJoene (an oil-like substance). coopled with the microcrystalline 
nature of the product complex, results in an increased possibility of obtaining 
a mixture of phases For this reason it was decided not to attempt the 
determination of complex stoichiometry but rather to use PXRD to assign 
each complex to an isostructural class or series where possible 
The assignment of Isostructural class or series IS performed bearing in mind 
that the water content, type, size and orientation of the guest molecule as welt 
as the temperature at which the data were collected affect peak angular 
positions in the PXRD trace Therefore we allow a little more leniency In what 
we define as a close match between reference and experimental patterns 
a-Cyclodextrin inclusion complexes 1 and 2 
, 
" I' 'reference pattern' 12 for 
,I \ "",yclodextrin complexes 
~'---"'~----1l!~._J'V-~ V\j--'-~ __ ~~ ____ ~ 
1 
P~ '--..-J\, .. 2 
5 10 25 30 
29" 
Figure 1. Experimental PXRD Iraces for comr"exes 1 and 2 as well as the reference pattern 
12 for ,,,,,CD comr"exes, 
In comparing traces for the complexes 1 and 2 with the reference patterns for 










The nature of ajoene (an oil-like substance), coupled with the microcrystalline 
nature of the product complex, results in an increased possibility of obtaining 
a mixture of phases For this reason it was decided not to attempt the 
determination of complex stoichiometry but rather to use PXRD to assign 
each complex to an Isostructural class or series where possible 
The assignment of isostructural class or series IS performed bearing in mind 
that the water content type, size and orientation of the guest molecule as well 
as the temperature at which the data were collected aFect peak angular 
positions in the PXRD trace. Therefore we allow a little more leniency in what 
we define as a close match between reference and experimental patterns 




Figure 1, Experimental PXRD traces for compexes 1 aoo 2 as well as tile reference pattern 
12 for a-CD compexes_ 
In comparing traces for the complexes 1 and 2 With the reference patterns for 










(space group P1, channel packing type (CH}), with a tridmic unit cell 
Noticeable from the comparison in Figure 1 is the difference in the peak 
intensities between experimental and reference patterns In the known crystal 
structures of such complexes (e.g. Sicard-Roselli et al}l the host a-CD 
molecules are stacked along the crystallographic c-axis to form columns with 
mfinite internal channels. The (x-CD molecules are arranged in an alternating 
head-to-head and tail-to-tall sequence The approximate Unit cell dimensions 
for complexes 1 and 2 deduced by comparison with the reference pattern are 
given in Table 1 
tail-to-tail 
head-to-head 
Figure 2 View of the unil cell of Ihe a-CD complex illustralifl\l the head-ta-head and tail-to-
tml altematinQ seqoortce of the host mejecules The blue shaded reQion shows the infinite 
channel that accommodates the \luest It ruse shows the sliQht misaliQrtment of the head-to-
head cycJodextrins 
The choice of channel packing type structure could have been predicted with 
a degree of certainty for the host a-CD with the guests (E)- and (Z)-ajoene II 
is relatively well established from a survey performed by R K McMullan et 










as acetic acid propionic acid and butyric acid In the case of long molecular 
Of ionic guests. channels are preferred a clear and well-defined slze-
selectlvlty_ AJoene IS a long molecular guest and based on the evidence, has 
obeyed the size-selectivity rule, lending more support for the choice in 
reference pattern 
P.Cyclodextrin inclusion complexes 3 and 4 
A match between the experimental traces of 3 and 4 and Isostructurai 
classes/reference traces, 16 (P1 triclinlc) and 17 (C2 monoclinic) respectively, 
were easily made on visual comparison of these traces (Figure 3) 
! 
".. 
'reference pattern'16 for 
p-<;yclode~trjn complexes 
4 
1,-",,' '--- ~--' L_"",~J'~-~~-~~~-~ 
'reference pattern' 1710r 
jl-cyclodextrin comple~es 
3 
5 10 15 2eo 20 
Figure 3. The experimen\allraG~s of CDmplexes 3 and 4 compared WIth reference patterns 
16arld 17 
Most encouraging is the agreement of the diffraction peak angles of 3 and 4 










differences In the peak Intensities which are directly related to differences in 
the guest and its orientation On more careful examination of the fine 
structure of Individual expenmental traces, It is noticeable that the trace for 3 
resembles reference trace 17 more closely than It does 16, white 4 IS a better 
match of 16. This IS especially eVident from the peaks at 100 and 12" 28 for 
all four traces 
Both of the space groups P1 and C2 are characteristic of dlmeric IJ·CD 
complexes and both are assocl8ted with the channel (CH) packing mode (see 
Figure 4) The not rosult of a dlmeric complex is the creation of doubte 
volume caVities wherein guests are more easily accommodated In special 
circumstances the metric properties of the tnclinic lattice are Such that an 
alternative, monoclinic lattice can be found ' Structurally tho difference IS 
subtle the CD-dimer in space group P1 possesses pseudo-twofold symmetry 
while In C2 it has a crystallographic diad passing through the dlmer interface,3 
As a consequence of this subtle relationship the PXRD traces for P1 and C2 
are virtually indistinguishable (see Figure 3) 3 
C2 (CH) monoclinic 
Transformation 
matrix -
PI (CH) trlcllnlc 
Figure 4. A diagrammatic representation of the channel packmg mode for the space groups 
PI arid C2. The m~in difference is the choice of the unit cell. The bjlJ!J shaded areas show 










There has been more than one instance where the wrong space group has 
been assigned for crystal structure refinement ' s Thus, when unil cell 
dimensions are available from single crystal X-ray diffraction, if two unit cell 
parameters are equivalent (i. e two unit cell lengths or lwo angles); then 
according to Herbstein and Marsh. it is best to search for higher symmetry, ~ 
It is important to note that in the absence of laue symmetry data. one cannot 
unequivocally choose between P1 or C2. The main aspect of matching an 
experimental trace to any reference pattern is that one simultaneously obtains 
the space group and approximate unit cell dimensions (Table 2) for the new 
complex 
~Cyclodextrin inclusion complexes 5 and 6 
--
'I !i 'refe",",ce pattern' 21 for 
I y-cydodextrin complexe. 







Figure 5. Experimerllal traces for complexes 5 aoo 6 with thu refemnce for ',-CD complexus 
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the reference pattern for ~-CD complexes crystallizing in the tetragonal space 
group P42,2 (channel packing mode CHi almost exactly except for the 
dlspanty in their peak intensities II was expected that this match would occur 
since this space group characterizes all known ,-CD complexes The 
relatively smail number of peaks In the trace IS a reftectlon of the high 
symmetry of the space group One is able to draw certain conclusions from 
the fact that complexes 5 and 6 matched reference pattern 21 (1) it can be 
concluded that the guest molecules namely (E)- and (Z)-ajoene are located in 
infinite channels formed by the ,-CD molecules In the tetragonal 
arrangement. ] (2) it is known from single crystal X-ray analyses that the aXIs 
of the host molecule cOincides with the tetrad of the space group and thus by 
implication the guest molecule has at least fourfold disorder) These infinite 
channels. however are unique in that they have three cyclodextrin molecules 
In one asymmelric unitS These are arranged in the head-Io-head. head-to-tail 
and tail-to-tail mode in alternaling sequence so that the structure is built up of 







Figure 6. The VItJW along the i stacking sequence of the tlimer in a 
-{- CD complex with space group P42,2_ The blue area represents the infinite CharMlels that 










The crystal packing IS even more complicated since there are two 
Independent stacks in the asymmetric unit Since the y-CD molecule IS 
located on a tetrad. only one-quarter is unique However, there are three 
Independent y-CD molecules In the unit cell and the asymmetric unit is 
therefore three quarter molecules of ~-CD 6 The approxImate unll cell 
dimenSions are given in Table 3 below 
DIMEB inclusion complexes 7 and 8 
A match between the reference pattern 23 (P2" monoclinic) for DIMEB 
inclusion complexes was made wIth the PXRD patterns of the complexes 7 
and 8 (Figure 7) There IS a considerable mismatch in intensities between the 
two complexes 7 and 8 with some peak doublets displaYing an intenSity swap 
(e.g the doublet centred at 10· 28, Figure 8) Such features must be due to 
differences In the modes of inclusion of the two ajoene isomers In their 
complexes, which are otherwise lsostructural as IS eVident from the excellent 
peak angular match for 7 and 8 Similarly, the peak intensities for the 
reference pattern 23 do not reflect good agreement with those of the 
experimental traces for the complexes but again there is reasona~e 
agreement In peak angular position between the reference trace and those for 
7 and 8 The crystal packing arrangement is described as monomeric 
complex units wnlch are arranged along the twofold screw axis. forming 
infinite chains In a classical herringbone (HB) packing mode (Figure 9)7 










seen from Figure 9 that the cavity IS Isolated by the surrounding cyclodextnn 
mOlecules as a result of the inclusion of small guest molecules The 
apprOXimate unit cell parameters are presented in Table 4 
FiQure 9. Projection down the a·axis showillq the (HB) arrangement arid the isolated 
cavrtres 
CONCLUSION AND DISCUSSION 
As the search for newer, faster and more efficient ways of characterizing 
products (CD complexes) intensifies, dnven mainly by the cost of drug 
development In the pharmaceutical industry, the application of a technique 
such as PXRD matching based on isostructural series will become more 
important. This method of charactenzallon provides a considerable amount of 
information. which may otherwise only be obtamed through the crystallization 
and subsequent complete X-ray structural analysis of the product under 
investigation This however is not always possible as it is often difficult to 










In this chapter we have confirmed the formation of eight new cyclodextrin 
complexes and have classified them into 4 isostructural pairs (1 & 2. 3 & 4, 5 
& 6 and 7 & 8). In two cases we have identified previously unreported 
isostructural series (a-CO P1 (12) and DIMEB P2, (23)). confirmed 
complexation and obtained approximate unit cell dimensions and space 
groups. while for the other two cases we confirmed complexation. assigned 
approximate unit cell dimensions and space groups. For 1 and 2, we 
concluded that the sizes of the guests (E)- and (Z)"aJoene respectively playa 
role in influencing the type of paCl<:ing arrangement of the a-CO complexes 
As previously menlloned. the size. shape and orientation of the guest 
molecules greatly influence the intensities of the peaks and fine structure in 
the diffractogram For ~-CO it is rather interesting that the packing 
arrangements belong to the dimeric subset of complexes, given the small size 
and flexibility of the guest molecules. On the other hand ·(-CD remained 
faithful to its preferred packmg arrangement for inclusIOn complexes and 
confirmed only \\!hat was expected The DIMEB complexes were found to 
crystallize in the atypical space group P2, (monoclmlc crystal system) 
Interestmgly, the three-dimensional packing arrangement chosen IS well 
suited to small molecules Evidently this is an instance where the size rule has 
been obeyed, as with a-CO. 
There is little that one can deduce from the diffractogram that would provide 
information on tlle role, amount and interaction of interstitia! water in the 
crystal structures However, we do know that the amount of water present in 











Cliapter 4. <JJie app{icatUm of isostructuraEity 
of water from the crystal, is reduced, directly influencing the peak angular 
positions in the PXRO trace. 
CO inclusion complexes are largely unaffected by polymorphism and more 
specifically there is only one known case that has been published to date.9 
This refers to the crystallization of the inclusion complex B-COemethylparaben 
in triclinic and monoclinic modifications at different temperatures. The 
existence and/or frequency of polymorphism amongst cyclodextrin complexes 
will determine whether or not isostructurality will be utilised to its full potential 
as a tool for the identification and characterization of CO inclusion complexes. 
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Cliapter 5. Structura{ anaEysis 
PREPARATION, THERMAL ANALYSIS AND STRUCTURAL 
CHARACTERIZATION OF TRIMEB INCLUSION COMPLEXES 
OF (E)- AND (Z)-AJOENE 
COMPLEXPREPARAnON 
RIMEB solutions were prepared by dissolving the cyclodextrin (0.08 
mmol) in cold distilled de-ionised water (0.61 cm3) at ca. 2°C. Once 
all the cyclodextrin had dissolved, equimo!ar amounts (0.08 mmol) 
of (E)- and (Z)-ajoene' were added to the solutions of cyclodextrin with 
prolonged and vigorous stirring. Precipitates formed immediately on the 
addition of the respective guest isomers. Each solution was again cooled in 
an ice bath at ca. 2°C until the precipitate dissolved, but the solutions 
remained turbid. Stirring was continued overnight. The solutions were placed 
in a hot water bath at ca. 60°C for 12 h to induce crystallization. The 
complexation reactions yielded TRIMEB-(E)-ajoene-0.5H20 (9) and 
TRIMEB-(Z)-ajoene (10). Several crystals of each complex were removed 
from the mother liquor, their surfaces dried on filter paper and prepared for 
analyses. 
UVSPECTROPHOTOMETRY 
The host-guest ratios (1:1) of complexes 9 and 10 were determined from UV 
spectrophotometric absorbance measurements recorded at 241 and 235 nm 
for 9 and 10 respectively. The crystals were dissolved in a water-ethanol 
solution (40/60 v/v) and the concentrations of the guests were determined by 
interpolation from the calibration curves for both guests. 










FOURIER TRANSFORM INFRARED SPECTROSCOPY (FTlR) 




J800 MOO 3000 2600 2200 1600 1400 .. '" '00 V (em t) 
Figure 1 The infrared spectrum of 9 compared with the spectra for (E)"ajOOne arid TRIMEB 
The FTIR spectrum of 9 shows no evidence of the characteristic stretching 
frequencies of (E)-aJoene These absorptions occur at 1045 cm"' and 1650 
cm-' as reported by Block et at ' and are assigned to the C-S=(O)-C and C"C 
mOieties respectively 
3800 3400 
u -3000 , -----r--2600 2200 1800 1400 .'" 
V (em "l) 
Figure 2 TIle infrared spectrum of 10 compared with the spectra for (Z)-ajoene and 
lh'AMEg 
It is evident from the spectrum in Figure 1 that both these absorptions 










Instances where there is little or no overlap between peaks lor puro aJoene 
and pure TRIMEB. the TRIMEB has simply outweighed any contribution made 
by aJoene to the spectrum of complex 9 Thus the resultant spectrum for 
complex 9 IS virtually indistinguishable from that of TRIMEB Similarly, the 
FTIR spectrum lor complex 10 (see Figure 2) IS virtually IndlsllngulShable from 
that of pure TRIMEB FTIR has thus been unable to provide any evidence of 




3800 3400 3000 2600 2200 1800 1400 1000 600 
v (cm"l) 
Figure 3 Ove~aid mfrared spectra of 9 Bnd 10 
The FTIR spectra for complexes 9 and 10 are indistinguishable from each 
other as is evident from their overlays in Figure 3 
THERMAL ANALYSIS 
HSM 
All samples were heated at a scanning rate of 10 K min"' After the removal 
from their mother liquor the crystals of ooth complexes were drted on filter 










done to detect gas evolution (dehydration) through the formation of bubbles 
upon heating At the start of the HSM experiment (25"C) the crystals for both 
complexes 9 and 10 were clear and translucent At approximately 40°C 9 
showed signs of de~lydration through bubble formation This continued for ca 
20°C with few bubbles remaining at 60"C 
The remaining crystalline material of 9 finally melted in the range 142-146'C 










For 10, the crystal formed micro-fissures from slightly below 40°C conllnuing 
to approximately 60'C without the evolution of bubbles (see Figure 5). This. 
as in the case of 9 was consistent with TGA data. Sample 10 melted in the 
range 140~144"C and was completely molten by 144°C 
TGA andDSC 
In Figures 6 and 7 the combined DSC and TGA traces are shown for 9 and 10 
respectively The TGA trace for 9 consistently showed a small yet significant 
mass loss In the temperature range 30-60"C of ca 0.6-0.8 % (for n " 3, where 
n IS the number of measurements taken), equivalent to approximately 0.5 
water molecules per complex unit, represented by A in the TGA trace (Figure 
6). This was interpreted as dehydration of the complex. in keeping with HSM 
observations above. Thus. the TGA shows two thermal events, dehydration A 
and decomposition S, while the DSC shows the fusion C and decomposition 
D. 
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The dehydration of 9 IS followed by a melt endotherm, C In the DSC trace 
with a melt onset of 143.8°C For 10 It was eVident from both HSM and DSC 
that the complex was unsolvated with only a melt endotherm for 10 appearing 
in the DSC trace represented by 8 and occurnng at 140.5°C. The very small, 
reprodUCible endotherm, C In the DSC trace, following the fusion of 10 has an 
onset temperature of 144,8°C and IS due to contamination by complex 9, due 
to the presence of (E)-aJoene at a -5 % level in the sample of (Z)-ajoene used 
for complex 10 preparation (Figure 7) The complex melting points are 
sufficiently different from that of the pure host (157-159"C) and from one 
another. to be useful for complex Identificalion Both complexes 9 and 10 
decompose exothermically at onset temperatures of about 160°C 
represented by 8 and D in the TGA and DSC traces for 9 respectively, while 
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Figure 7. Combined TGA and DSC trac~s fm complex 10 
Stepped Heated PXRD 
Variable temperature PXRD of complexes 9 and 10 was performed at regular 










subjected to this form of analysis to determine whether there were any subtle 
phase changes or any other physlcfll chflnges due to the heating process 1\ 
also provided the opportunity to gather more evidence concernmg the thermal 
stability of these complexes The PXRD traces for complex 9 (Figure 8) 
remained uncnanged during the heating process and reflecled yet}' !!ff!e 
change In peak intensity and crystallinity (in the form of peak broadening and 
intensity reduction) up to and including 1 aaoG At 120'G there is a 
considerable reduction in peak intensity accompanied by peak broadening 
Indicating a decrease In the crystallinity However, there remains enough 
eVidence In the form of remaining peaks to be sure that the sample has not 
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For complex 10, the PXRD traces In Figure 9 remained unchanged in the 
range 25-1 OQ°C In the trace recorded at 120°C the only observable change 
is in the peak Intensities There was no eVidence to suggest any major 
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Figure 9. PXRD traces lor 10 recorded at various temperatures 
From the PXRD traces It was evident that neither complex 9 nor complex 10 
underwent any significant structural changes upon heating It merely served 
to confirm results previously obtained from DSC and TGA which indicated the 
thermal stability of 10 through the absence of guest evolution in the range 25-
120°C However, it confirmed the thermal stability 01 complex 10 as greater 










Cliapter 5. Structural anafysis 
TRIMEB 
Iii i f i I I I I i I 
5JJ 5.2 S.D '-.8 1.1 t." ".2 '.0 3.ft :Z.1lI :.!.E %.1. 
Figure 11. 1H-NMR spectrum for pure TRIMEB in deuterated DMSO. 
In the spectrum of uncomplexed (E)-ajoene (chapter 3, Figure 1), the doublet 
generated by the proton H-8 occurs at OH 6.35 ppm, while in the spectrum for 
9 (Figure 12) the doublet is significantly shifted downfield and occurs at OH 
6.50 ppm, a shift of ~OH = + 0.15 ppm. A shift of this magnitude is indicative of 
very strong host-guest deshielding interactions which occur upon inclusion. 2 
9 
"1''''1''''1''''1 
6.60 6.55 6.50 6.4: 
iii i i 
4.4 4.2 4.0 3.9 3.6 
Figure 12. 1H-NMR spectrum for 9. The insert shows the characteristic doublet for the guest 
(E)-ajoene. 
According to A. L. Thakkar ef a/.3 downfield shifts should be observed for 










Cfiapter 5. Structura{ analysis 
included guest protons as a result of the hydrophobic interactions between the 
host and the guest, since the mode of inclusion is usually with the more polar 
group protruding from the cavity. 
In the case of uncomplexed (Z)-ajoene (chapter 3, Figure 2), the spectrum 
shows the doublet generated by the proton H-8 occurring at OH 6.58 ppm. In 
the spectrum for complex 10, the doublet occurs in two different places, 
namely at OH 6.58 and OH 6.50 ppm in a ratio of approximately 1 to 2 with 
respect to peak height (see insert Figure 13). The magnitude of the shift '~OH' 
is approximately 0.08 ppm (upfield), commensurate with shift values reported 
in the literature for other examples of cyclodextrin inclusion.4 The shielding 
effects of the cavity are a consequence of the host framework being made up 
entirely of single, less polar and polarizable bonds. The presence of both 
resonances OH 6.58 and OH 6.50 ppm in the spectrum of 10 is significant as it 
may be the result of the dissociation-association equilibrium set up in solution. 
10 
Figure 13. 1H-NMR spectrum for 10. The insert shows the characteristic doublet for the 
guest (Z)-ajoene. 
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CRYSTAL STRUCTURE ANAL YSIS 
Space group determination 
Preliminary unit cell parameters and the space groups for complexes 9 and 10 
were determined by X-ray photography. With the help of oscillation and 
Weissenberg methods the Laue symmetry was revealed as mmm for 9 
corresponding to the orthorhombic system, while for 10 the Laue symmetry 
was 21m corresponding to the monoclinic crystal system. Systematic 
absences for 9 were hkl : none, hOD : h = 2n + 1, OkO : k = 2n + 1, 001 : I = 2n 
+ 1 confirming the space group as P212121, while those for 10 were hkl : none, 
hOI: none, OkO : k = 2n + 1, indicating the space group P21 (P21/m is excluded 
as the host is chiral). 
Data-collection (COLLECT software)5 involved a combination of <1>- and ro-
scans of 0.7-1.00 for 9 and 1.00 for 10 with respective crystal to detector 
distances of 55 and 50 mm. Unit cell refinement and data reduction were 
performed with the program DENZO-SMN.6 The structure of complex 9 was 
solved by Patterson search methods using the rigid host moiety of the 
complex TRIMES*(S)-naproxen as trial model.7,8 The Patterson search 
methods were applied with the aid of program PATSEE. 7,9 Isomorphous 
replacement with the same model was used to solve the phase problem for 
complex 10. Here all non-hydrogen atoms except for 06, C7, C8 and C9 
atoms of each methyl glucose unit were used in the model as the input 
fragment. Following refinement and optimisation of the host structure, guest 
atoms generally appeared with low electron densities due to disorder and 
were tediously located in a series of successive difference electron density 










maps It became eVident that each guest motecule was disordered over two 
positions, each corresponding to a stereOisomer of the respective guest (E)-
or (Z)-aJoene Least-squares refinements of 9 and 10 were sensitive and 
several distance restraints were imposed on the Individual components of the 
disordered guest molecules to ensure reasonable geometries Bond lengths 
were obtained from F HAllen et ai 10 (see Appendix 1 for the tabulated 
values) An overall standard deviation of (J = 0.01 A was applied to all bond 
lengths in order to ensure uniformity Crystal data and refinement parameters 












All guest atoms were treated with a common isotropIc temperature factor 
which refined to 0 101 (1) A2 for 9 and 0.146(1) A2 for 10 The site-occupancy 
factors of the major stereOlsomers In 9 and 10 refined to 0.S1 and 0.S4 
respecti\lely Except for C7G4 and C999, a disordered methyl group 
belonging to 9 and the tabulated atoms (see Table 2), host atoms were 
generally treated anisotropically and refined without restraints 
" CSG1 0<iG1 C~ 0iG-f CiGZ _ 
The oxygen atom of the water mOlecule in 9 was located and assigned a site-
occupancy factor (so f) of O.S on the basis ofTGA data (as pre\liously stated) 
and Its close proximity (-29 A) to one of the disordered C atoms of a host 
methyl group. The latter group was located at two sites with equal electron 
densities, justifying assignment of O.S for the sol's of these components, and 
thus also that of the water 0 atom . Water H atoms could not be located. 
Host and guest H atoms were generally added in idealised positions In a 
riding model with U"", = 1.2 times those of their parent atoms Howe\ler. due 
to the disorder of the included guest some of the H-atoms of the guest could 
not be placed in idealised positions (as with the riding model) but were placed 
after their positions were determined uSing geometric calculations Full-matrix 
least-squares refinement against F" (SHELX-97) was employed with a 
weighting scheme w = [Cl'(Fo2) -I- (ap)2 -I- bPr1 and P = [max(Fo2, 0) -I-
2Fc"]/3 " Major electron density peaks in 10 were located within 0.10 A of 
atom S4A and were attributed to its anisotropic motion Howe\ler, guest 










Overall description of the structures 
One TRIMEB molecule. a molecule of each stereoisomer of (E)-ajoene (both 
at 50% occupancy) and hatf a molecule of water comprise the asymmetric unit 
of 9, while the asymmetric unit of 10 consists of one molecule of TRIMEB and 
half a molecule of each stereoisomer of (Z)-ajoene (both at 50% occupancy) , 
Even though the unit cell dimensions and space groups for the two complexes 
are different, the host conformations for 9 and 10 are similar The differences 
in the packing arrangements are due to the contrasting modes of guest 
Host conformation 
The glucose residues will henceforth be referred to as G1, G2, G3. G4. G5, 
G6 and G7 and the numbering scheme for both complexes follows In Figure 
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Figure 1'* The slrllCture of the macrocydic host viewed from the secondary face al1d the 










Included in these lists are the glycosidic oxygen angle 04G(n-
1) · 04G(n) 04G(n+1) , the radius of the heptagon. the glycosidic 
04G(n)' 04G(n+1) distance, the tilt angle of each residue and the deviation 
of each 04 atom from the least-squares plane defined by all seven 04 atoms 
(all of these as previously defined in chapter 1) All the glucose residues are 
In the 4C,_chalr conformation and both hosts 9 and 10 are elliptically distorted 
though not sever~y. as IS evidenced by the values for the rad ii in Table 4 
04G(n) ·· 04G(n+1) vanes within a narrow margin for both complexes 4,23-
447 A for 9 and 4,23--4.49 A for 10 (Table 3) The 04G(n-
1) 04G(n)' 04G(n+1) glycosidic oxygen angle ranges are very similar. 
namely 118,5-138,0' and 121.0-1367" for 9 and 10 respectively (Table 3) 
For both complexes the tilt angle for glucose residue G4 is by far the largest 
with a value of 54 3(4) ' for 9 and a value of 428(2)" for 10 (Table 4). 
04Q2 .. ·04(j)···Q4G4 


















The remarkable similanty found In the host conformations was expected since 
the TRIMEB skeleton used in the refinements of 9 and 10 was the same 
(Figure 15) The similanty is reinforced by a careful examination of the 
tabulated parameters. 
A notable difference relates to the tilt angles of the methylglucose residues 










face In this case, the presence of the partial water molecule 01 in 9 (Figure 
16) 
j '. P " 
.S"~30 
~', ~ , " . 
• 
Figure 16 Slereov>eW of the host conformalions in 9 (top) alld 10 (bottom) For alolT\5 
refined amsotroJ)<callv. thermal ellipsoids are dr~wn at Itle 40% probability level 
Associated with the partial occupancy of the water molecule (01) there IS two 
fold disorder of the methylglucose residue (C7G4 and C999)_ The water 
molecule engages in the hydrogen bond interaclions with 03G5 and 02G4 
with 01 ' 0 distances 2.74(3) and 2 91(3) A respectively, Also the residues 
G4 and G5 are significantly twisted towards (+11,5°), and away from (--4,1 °), 
the host primary side respectively, relative to their orientations in complex 10 
All other corresponding residues In 9 and 10 have tilt angles differing by only 
eil 2' (see Table 4), The host conformations of 9 and 10 are stabilised by 
several analogous intramolecular C-H 0 hydrogen bonds.s The host 
molecule in complex 9 has nine intramolecular C-H 0 hydrogen bonds which 
can be divided into four different types Five are of the type C6-H 05, two 










of the intramolecular bonds serve to stabilise the host molecule wtlile the 
remaining one occurs within a glucose reSidue and is of the type C8-H 04 
(see Table 6) The C 0 (donor ··acceptor) hydrogen bond lengths are in the 
range 3,1-33 A while the C-H 0 (donor - hydrogoo· ·acceptor) hydrogen 
bond angles are in the range 120,2-136,7". In the case of complex 10 the 
host molecule has thirteen C-H 0 intramolecular hydrogen bonds split into 
seven types, These consist of five bonds c( the type C5-H 05, two of the 
type C7 -H 03 another two in the form of C8-H 02 and one each of the 
type C1-H ,03. C1-H '06, C9-H 05 and C6-H 06 Eight of these are 
Involved in the stabilisation of the host molecule while five occur Within 
glucose unils. The C· O hyck"ogen bond lengths are in the range 3,0-3,4 A 

























Other conformational differences noted are the opposite signs of the torsion 
angles 05-C5-C6-06 in G4 ((-)-gauche in 9, (+)-gauche in 10). again in G5, 
but with the reverse sign COmbination (Table 5) The primary methoxyl groups 
of residues G2, G4, G5 and G7 are most effective in blocking the primary side 
of the host in both complexes, as can be seen from the space-filling diagrams 











The extent of closure of the primary face is similar irrespective of the 
conformational differences described above, These complexes thus belong to 
the category of TRIMEB Inclusion complexes in which the host cavity is ClIp-
shaped, presenting a large hydrophobic surface to the encaged guest 
molecule e,12 
Structure and conformation of the guest molecules 
For the inclusion complex 9, between TRIMEB and (E)-ajoene, Figure 19 










In the composite electron density Image A-8 together with the assigned atom 
conneclivilles, while the deconvoluled models are labelled A and B II is 
evident that A and B share common terminal atoms C1, C2, C3 and S10 
C 11, C12, C 13 with corresponding atoms being chemically equivalent 
However the indicated connectlvilies necessitated by the twofold disorder of 
the sulfinyl group and atom S9 imply that in model A C7-CS is formally the 





Figure 19 DIG<lrdered guest peaks in 9 (A-B) alld the illdlvldual enantl()/llers (A = R-










The torsion angles (see Table 8) around the respective C-C=C-S bonds are 
163(2}" and 172(2)', approximating the ideal value of lBO' for the (E)-Isomer 
It is noted that the stereogenlc sulfoxide sulfur atoms S4A and S4B have 
opposite configurations and hence the process of Inclusion of (E)-aloene has 
'frozen out' the two stereolsomers, models A and B corresponding to the (R)-
and (S)-enanMmers respectively. The refined so f 's Indicate practically 
equal occupancy of the stereoisomers and therefore the TRIMEB molecule 
displays no stereo-recognition under the conditions of preparation VIZ. 1.1 
host-guest ratio The dlastereomers TRIMEBo(E-ajoene, R-), TRIMEBo(E-
aJOene, So) therefore co-exist in the crystal in all molar ratio 
. , 
CI-s' ... -sn~l1 
S1I ... -s\~\\~n " , 
C1-C1~II·UII 
Figure 20 is the equivalent diagram describing guest disorder In the 
TRIMEBo(Z)-aJOene complex. This disorder is somewhat more complicated 
as only four atomic sites of the two disordered components A and B coincide, 
namely C3, CB, S10 and C13 all other atoms being disordered over two sites 
each In comporlent A the central double bond is C7A-CB while in 













Figure 20 Dis.ordered guest peaks In 10 (A·B) alld the Individual 
enanliomer, B '" 3-enanllomer) with atom assignments. 
enanliomers (A "' R-
The C-C=C-S torsion angles (see Table 9) are 16(3t and 24(3t , which 
approximate the ideal value of O' for the (Z)-configuration of ajoene 
Component A is further complicated In that atom C2 IS disordered over two 









wnComparison of the stereochemistries of models A and B shows that again the 
S atoms of the respective sulfoxide functions have opposite configurallons 
and hence the process of Inclusion of (Z)·ajoene In TRIMEB has likewise 
'frozen ouf its stereoisomers, As for (E)-ajoene. the TRIMEB molecule does 
nO! discriminate between the enantlomers of (Z)-aJoone the refined so f 's 
indicating their presence in virtually equal proportions The crystal thus 
contams the two dlastereomenc complex units TRIMEB-(Z-ajoene, R-) 
TRIMEB -(Z-ajoene, S-}, in equal proportions. Bond lengths and bond angles 
for each of the slereoisomers of 9 and 10 are listed In Tables 10 and 11 
respectively Generally. the bond lengths of the stereolsomers of (E)-ajoene 
are in good agreement with each other (for chemically equivalent bonds) and 
with the values set as constramts, while some bond angles are larger than the 
Idealised 120' Similar remarks apply 10 (Z}·ajoene This is acceptable given 
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As previously stated, the resolved stereoisomers of (E)-ajoene overlap to a 
large extent (Figure 19); which means that their overall modes of inclusion in 
TRIMEB are similar These modes are compared in the stereoviews in Figure 
21 which show that in each case, the disulfide moiety is centrally placed and 
uppermost within the host cavity. The attached allylic and vinylic moieties are 










attached sulfinyl group protrude from the secondary face The S=O dipole 
orientations are reversed for the two stereolsomers, and in one case (model 
A (R)-onantlomer), there IS a weak stabilizing Interaction S=O H-C(host) 
involving a secondary methyl group (see Table 12) 
Figure 21 Stereoview showing the modes of inclusion of the enantiomers of (E)-ajoene in 
TRIMEB (R-enantiomer, top S-enanllOmer. bottom) 
The modes of inclUSion of the stereolsomers of (Z)-aJoene (Figure 22) are 
distinctly different from those for the (El-Isomer, as the disulfide group and its 
attached allyl group are now tocated outside the cavity and the sulfinyl group 
IS within the cavity_ There js, further, a significant difference between the 
modes of inclusion of the individual stereolsomers of (Z)-aJoene. namely the 










(R-enantlOmer) the S=O group is situated at the 'roof of the cavity, In van der 
Waals contact with the capping primary methoxyl groups, whereas In B ((S)-
enantlomer) it is located near the secondary face At location A it engages In 
a S=O H-C (host methine) hydrogen bond (Table 13). 
Figure 22. Stereovlew showing the modes of illClusion of the enantlomers of (Z)-ajoene in 
TRIMEB (R-enantiOOler. top S-enanliOrncr bctttOOlj 
Crystal packing arrangements and PXRD patterns 
Topologically 9 and 10 are very close, apart from the host secondary faces 
where chemically different mOieties protrude Distrnctly different packing 
arrangements characterise these complexes due to their different modes of 
ThiS was evident from their different PXRD patterns. The 
orthorhombic crystal system and space group P2 12,2, for complex 10 were 
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Figure 24 E~perimental (293 K) and cC>mputed (173 K) PXRD traces for com~ex 1 0 
Although the expenmental patterns for 9 and 10 share a superficial 
resemblance (Figures 23 and 24). detailed investIgation showed that the peak 
poSitionS and relative intensities for 9 are unique. ' 4 [Recently Calra et 81 
reported the first monoclinic crystal structure of 8 TRIMEB complex, that with 










Cfiapter 5. Structura{ anafysis 
10.89, b .... 14.86, e .... 27.58 A, fJ::: 99.6° and is therefore not isostructural with 
complex 9]. Each experimental PXRD pattern is in very close agreement with 
its respective computed pattern. Shifts to slightly higher 28 angles in the 
calculated patterns are attributed to the different temperature conditions, 
namely 293K (experimental) and 173K (calculated). 
The packing arrangements are shown in Figures 25 and 26 with the (R)-
enantiomer of each guest arbitrarily chosen for illustration. For 9, (Figure 25) 
the complex units are stacked in columns by translation along the a-axis 
(-11.6 A). The host 04 planes are parallel to the (101) planes (i. e. steeply 
inclined to the be-plane) and the protruding guest residue is in contact with 
methoxyl groups of the neighbouring host molecules. 
Figure 25. (100) Projection of the crystal packing in 9. 










Cfiapter 5. Structural analysis 
A single intermolecular hydrogen bond S==O"'H-C (methylene)9 (g == x, y, 1 + 
z) for the guest (R)-enantiomer was identified. As the water molecule in 9 is 
hydrogen bonded to the host shown in Figure 16, it cannot contribute to the 
crystal stabilization by intermolecular hydrogen bonding. This was confirmed 
by the absence of short intermolecular 01···0 contacts. 
Complex 10 (Figure 26) packs in the same arrangement adopted by the 
TRIMEB inclusion complexes of (S)-naproxen and (S)-ibuprofen.8,16 The 
guest fragment protruding from the host secondary face is surrounded by 
methoxyl groups of neighbouring complex units and there are no 
intermolecular hydrogen bonds. The complex units are arranged in a head-to-
tail manner parallel to the b-axis. 
Figure 26. (100) Projection of the crystal packing in 10. 










CfUJpter 5. Structura{ anafym 
CONCLUSION AND DISCUSSION 
This study has shown conclusively that each of the isomers (E)- and (Z)-
ajoene can be accommodated within the TRIMEB host cavity to form 
thermally stable inclusion complexes 9 and 10 respectively. X-ray analyses 
have confirmed the conformational flexibility of the ajoene isomers as well as 
the expected dominance of the hydrophobic host-guest interactions in these 
complexes. In each complex, a severely disordered arrangement, comprising 
both the (R)- and (S)- guest enantiomers, was identified within the host cavity. 
X-ray refinement of site-occupancies also showed that the TRIMEB molecule 
shows no stereo-discrimination under the conditions employed for complex 
preparation. However, it must be stressed that the structure solution process 
was extremely difficult, as incorrect atom assignments or an overly aggressive 
attempt at assigning electron density peaks as atoms during the refinement 
wou\d se'llere\y bias the mode' towards an incorrect one. 1hus, the 
refinement proceeded by means of a 'piecemeal' assignment of guest atoms, 
eventually resulting in the models presented in this chapter. The type of 
disorder observed here is significantly more complicated than that for other 
disordered guests included in cyclodextrins. For example, in the dimeric ~-CD 
complex accommodating both the (R)- and (S)-enantiomers of flurbiprofen,12 
the guest molecules are spatially distinct rendering refinement relatively 
straightforward. In the dimeric ~-CD complex of acetaminophen,17 each guest 
molecule is disordered over two positions such that there is a small extent of 
'atom-sharing' by the phenyl rings of the separate components. However, 
here too the complexity of the disorder is at a significantly lower level than that 
manifested by the isomers of ajoene in complexes 9 and 10. 










Chapter 5. StructuraC anafysis 
An interesting and novel aspect of the study was the finding that in complex 
10 significantly different modes of inclusion are adopted by the individual 
guest stereoisomers. Finally, significant differences in the crystal packing of 9 
and 10 are shown to be guest-induced, complex 9 crystallizing in a hitherto 
unknown arrangement for TRIMEB inclusion complexes. 
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Cliapter 6. ConcCusion 
CONCLUSION 
t the outset of this study our intentions were to form inclusion 





CHARACTERISA TION AND 
The reaction between ajoene isomers and the various cyclodextrins (a-, p-, y-
CD, DIMEB and TRIMEB) yielded mainly microcrystalline products, except for 
the TRIMEB complexes TRIMEB-(E)-ajoene-O.5H20 (9) and TRIMEB-(Z)-
ajoene (10), which were obtained as crystals large enough for single crystal 
X-ray diffraction. 
Characterisation and identification 
The physicochemical characterisation of the cyciodextrin inclusion complexes 
proceeded via single crystal X-ray diffraction, powder X-ray diffraction 
(PXRD), variable temperature PXRD, TGA, DSC, HSM, FTIR, UV 
spectrophotometry and NMR spectroscopy. Complexes (9) and (10) were 
subjected to all the characterisation techniques listed while the other 
complexes were characterised and identified as inclusion complexes by 
PXRD. HSM, TGA, DSC and variable temperature PXRD provided evidence 
of the thermal stability of complexes (9) and (10). FTIR spectroscopy 
provided no evidence of complexation and was not useful in the 










Chapter 6. Condusion 
characterization of these complexes. UV spectrophotometry was used to 
determine the stoichiometry (1: 1) of the TRIMEB complexes. NMR 
spectroscopy was employed for the purposes of characterising (E)- and (Z)-
ajoene after their synthesis. It also provided tentative evidence of inclusion 
through the altered resonances/chemical shifts of characteristic protons after 
complexation with TRIMEB. 
SIGNIFICANCE OF THE REPORTED RESULTS 
In total, ten cyclodextrin inclusion complexes resulted from the reactions 
between ajoene (E)- and (Z)-isomers) and the various cyclodextrins. Eight of 
these complexes were identified by the PXRD method and approximate unit 
cell parameters obtained through the application of the principles of 
isostructurality. Two new crystal packing arrangements and their 
corresponding reference patterns were established for complexes of a-CD 
and DIMEB. The structures of two TRIMEB complexes were determined by 
single crystal X-ray diffraction, one of them in a space group not previously 
reported for TRIMEB inclusion complexes. X-ray analysis of complexes 9 and 
10 at low temperature revealed that the R- and S- enantiomers of both (E)-
and (Z)-ajoene are 'frozen out' and successful modelling ensued. These 
results represent the first definitive thermal and structural data for cyclodextrin 
inclusion complexes of a major pharmacologically active component present 
in garlic. 
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Principles of isostructurality 
The application of these principles to interpretation of PXRD patterns proved 
extremely valuable in the absence of large monocrystals suitable for single 
crystal X-ray diffraction. It has emphasized the importance of comparing 
complexes with similar guests. However, the procedure adopted provides 
only a gross description of the three-dimensional structure with no detail 
regarding atomic and molecular interactions or the role of interstitial water. 
We obtain from the application of the principles of isostructurality reasonable 
estimates of the unit cell parameters for new complexes with a reliable 
description of the host arrangement and void topology. 
Apart from our own routine use of reference PXRD patterns to identify new 
CD inclusion complexes, we have noted from the recent literature that other 
researchers are beginning to employ this procedure. For example, the 
reaction products between ~-CD and sodium nimesulide,1 and between ~-CD 
and 2-phenoxyethanol,2 were recently confirmed as inclusion complexes 
based on the close similarity of their PXRD patterns to those of known CD 
inclusion complexes. 
C~stalstructures 
TRIMEB was chosen as an appropriate host because guest molecules are 
generally ordered within its cavity. However, both complex structures 
described in this work display severe guest disorder whose resolution 
presented significant challenges. The disorder resulted from the 
simultaneous presence of the individual stereoisomers of the guest within the 










Cliapter 6. Condusion 
host cavity. The modes of guest inclusion adopted by these guests in 
complexes (9) and (10) gave rise to distinctly different packing arrangements, 
while the modes of guest inclusion of the R- and S-isomers in complex (10) 
are different from each other. 
Medicinal application 
Ajoene has a wide range of medicinal activities, as indicated in the 
introduction to this dissertation. Moreover, (E)- and (Z)-ajoene have several 
common medicinal properties while also possessing unique activities 
individually. One of the aims of this study was the preparation of ajoene - CD 
inclusion complexes with potential medicinal use. The host carrier molecule 
TRIMEB is not suited for this purpose, however, owing to its haemolytic 
properties.3 The parent CDs have more promise, especially y-CD since it has 
a safe toxicity profile and superior solubilising properties to those of the other 
parent CDs.4,5,6 
Very recently, ajoene was shown to inhibit proliferation and induce apoptosis 
of several human leukemia CD 34 negative cells. More significantly, ajoene 
profoundly enhanced the apoptotic effect of two chemotherapeutic drugs, 
namely cytarabine and fludarabine, in human CD 34 positive resistant myeloid 
leukemia cells. 7,8 Thus, ajoene shows excellent promise for further 
development as a medicinal agent. 
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ONGOING WORK 
Ajoene is currently used as an immuno-booster at RED CROSS CHILDREN'S 
HOSPITAL in Cape Town, South Africa. It is also used to treat patients with 
Candida infections. 
The synthesis of analogues of ajoene is underway in the Department of 
Chemistry at the University of Cape Town. CD inclusion experiments of these 
synthetic analogues are also currently underway. 
FUTURE WORK 
PXRD indexing and structure solution 
Complete structural elucidation of the CD - ajoene complexes isolated as 
microcrystalline powders is a desirable goal. An outline of how this might be 
achieved in the future follows. 
The combination of high resolution PXRD data obtained from a synchrotron 
source and powder diffraction indexing programs allow for the extraction of 
very accurate unit cell parameters. This, in conjunction with a set of reference 
patterns, may be used to confirm the space group of the cyclodextrin inclusion 
complex. To proceed further, molecular modelling programs could be 
employed to model the conformation and orientation of the included guest. 
The final structural model could be optimised by Rietveld refinement. 9 
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Selectivity experiments 
Currently, the synthesis of ajoene as described in chapter 3 yields a product 
which is a mixture of (E)- and (Z)-isomers. The latter are then separated by 
column chromatography, which is a time-consuming procedure. Cyclodextrin 
inclusion selectivity experiments performed under competitive conditions 
between the (E)- and (Z)-isomers of ajoene may be a useful alternative 
approach to the separation of these isomers. Efficient separation is desirable 
if the individual isomers are to be prepared in bulk quantities for medicinal 
application. 
Biological testing 
Bioavailability studies would have to be undertaken to determine the 
effectiveness of ajoene isomers in the form of their CD inclusion complexes. 
These would include solubility studies, dissolution rate studies and 
measurements of the rate of intestinal absorption. Permeation studies would 
also be appropriate for investigating transdermal delivery as a possible route 
of administration. 
In conclusion, the main objectives of the study have been achieved; the 
potential for CD inclusion of ajoene has been amply demonstrated in this 
work. 
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Restra,ned bond lenglhs used dJrmg the refinement of compleK structures 9 
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